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ABSTRACT 



Recent literature [since 1980) on industrial waste solidification/stabilization 
(WS/S)technology and testing is reviewed with special emphasis on 
inorganic wastes. Brief descriptions are given of some commercial and 
generic processes available for WS/S. 

Principles of WS/S, leaching mechanisms and properties of solidified waste 
are reviewed in relation to leachability testing, total analysis and physical 
tests. Test protocols and test cells used in the study of WS/S are also 
briefly discussed. 
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WASTE SOLIDIFICATION/STABILIZATION TECHNOLOGY 

literatOre review 



INTRODUCTION 

Industrial wastes not requiring incineration, other than radioactive wastes, 
high concentrations of PCB's, etc. which are judged to pose a serious 
threat to the environment, are normally disposed of in landfills, either in 
mono- land fills (usually private sites) or, through co-disposal with munici- 
pal refuse, at municipal sites. In Ontario, through Regulation 309, wastes 
which through tests are judged non-hazardous and non-polluting to 
surrounding waters may be used as backfill. 

Most untreated wastes placed in landfill tend to produce leachate when 
contacted with atmospheric precipitation, groundwater, leachate from 
municipal refuse or other industrial wastes. 

Ideally, leachate from a landfill should not cross the site boundary. 
Unfortunately the concept of "total containment" does not exist (National 
Research Council of Canada, 1383) . As opposed to "total containment" the 
concept of "controlled release" is more tenable. Contaminants in leachate 
are attenuated in the surrounding soils and rocks and diluted with 
groundwater as they move away from a landfill in a pollution plume. 

There are obvious advantages in treating industrial waste liquids and 
sludges so that they become solid and inert (non-toxic and non-leachable) 
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Similarly, finely divided reactive solid wastes, such as some baghouse 
dusts, can be made less leachable through fixation. 

Leachate generation is largely dependent on contact with liquid introduced 
with the waste (usually aqueous), through input of atmospheric precipit- 
ation and, if the water table is high, with groundwater. Minimizing contact 
with liquid is therefore desirable, by removing free liquid from the waste 
through processes such as filtration, evaporation, adsorption on an 
additive, or by "locking-up" in the matrix of a solidified waste. Contact 
with percolating water subsequent to disposal should be minimized through 
high surface runoff and evapo-transporation , and low permeability of the 
landfill cover and liner, and the waste itself (through the addition of clay, 
high compaction, etc). In the event of movement of leachate it is also 
important to ensure that there is capability for adequate attenuation of 
potential polluants in the rocks and soils surrounding the site. 

Removal of the "free liquid" from a waste through the incorporation of 
absorbents has been used as a means of reducing leachate at the disposal 
site. Physico-chemical processes can be used to make industrial wastes less 
reactive. Relatively simply operations such as pH adjustment, precipitation 
and de-watering play major roles in treating liquids and sludges. Pre- 
treatment is often required to destroy toxic contaminants, such as cyanide, 
or convert to less toxic forms, such hexavalent chromium to the trivalent 
state. WS/S is a further step in physical-chemical treatment of wastes 
prior to use or disposal. The process is preferably conducted prior to 
disposal or use; however, some systems can also be practiced in-situ 
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through injection grouting. In-situ WS/S, however, is not generally 
feasibile (Truett et al, 1983). 

It has been suggested that some wastes can be rendered so inert that they 
do not necessarily have to be landfilled but can be used as backfill, road- 
bed material or other construction uses. Even if a treated waste still has to 
be landfilled there are cost incentives if the waste can be disposed of in a 
municipal landfill rather than being restricted to a secure industrial site. 

In the selection of a solidification process consideration should be given as 
to whether disposal is to be "ultimate "or with a view to the possibility of 
reworking at a future date for the recovery of a potentially valuable 
component. 

There has been some experience with WS/S in Ontario. Frontenac Enter- 
prises Ltd. were solidifying pickle liquor at the Upper Ottawa Street 
municipal landfill, Hamilton for about five years, ceasing operation in 1980. 
Dofasco in Hamilton treat steel-making wastes (Emery, 1984), and a facility 
is under construction at Atlas Steels in Welland. 

There is a need for additional WS/S facilities in Ontario. A recent study 
(Zikovitz, 1984) indicates that 30,000 tonnes of industrial waste produced 
annually in Ontario should receive physical-chemical treatment (with solidi- 
fication/stabilization for some of these wastes). Of this quantity, approxi- 
mately 6,000 tonnes (or 21 percent) is processed at a Tricil landfill and 
11,000 tonnes at other private sites. Approximately 12,000 tonnes per 
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annum is currently shipped out of Ontario for disposal; this outlet may be 
closed off at a future date. 

The Ontario Waste Management Corporation (OWMC) is currently "zeroing 
in" on candidate sites and technology for waste management facilities 
(Proctor and Redfern, 1982; OWMC, 1984). 

Although disposal of radioactive wastes ("rad wastes") is a Federal 
responsibility in Canada, much of the technology is relevant in some degree 
to other wastes. Because of the potential hazards of rad wastes, WS/S and 
leach testing has to meet more demanding standards than those required for 
less hazardous wastes. 

A workshop on the environmental assessment of waste solidification/ 
stabilization, sponsored by the Alberta Environmental Center (AEG) and 
Environment Canada Wastewater Technology Centre (WTC) was held in 
VegreviUe, Alberta in November 1983. Representatives from vendors, 
research groups and regulatory agencies, including the Waste Management 
Branch (WMB) of the Ontario Ministry of the Environment, were present. A 
test protocol for assessing the various processes was tentatively proposed. 

This review is intended to complement the OWMC and the AEC/WTC studies 
with special emphasis on physical/chemical properties and testing 
procedures. 
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GENERAL PRINCIPLES 

In WS/S, wastes are treated chemically and/or physically by a variety of 
processes, many of which are patented. 

Ideally, a treated waste is rendered chemically (and biologically) non- 
reactive and immobilized in solid form without aerial or aqueous pollutant 
emissions. Some species, such as chloride, sulphate and some organics are 
difficult to treat but can be physically isolated by engineering low 
permeability into the solidified mass and/or encapsulation. 

An attempt is being made by ASTM to define the major processes (Foltz, 
1983J in WS/S as follows: 

STABILIZATION results in the improvement in some undesired property of 
the material; it may be stabilized chemically (e.g., fixation), physically 
(e.g., solidification), or biologically (e.g., digestion). 

FIXATION improves the chemical resistance of a material — to leaching, for 
example. The material has thus been stabilized, (probably chemically and 
biologically) but not necessarily solidified. 

SOLIDIFICATION coverts a liquid, semi-solid, or finely-divided material 
into a solid monolith, something dimensionally stable. The material has thus 
been physically stabilized, but not necessarily "fixed" chemically or 
biologically. 
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Colussi and Mullen (1983) used the "concept of" structured landfill. 

Treatment costs are highly variable depending on waste and process. 
Attempts are made to minimize costs by using wastes as "reagents" 
wherever practicable. 

Choice of process should be dependent on chemical considerations. The 
properties of the waste may not be compatible with those of the "reagents" 
or processing conditions of some systems. If compatible, the proportions 
and ingredients in the mix (and hence cost] usually have to be adjusted 
depending on the composition of a particular batch of waste. Unfortu- 
nately, processes which are most effective in stabilizing a waste are often 
most expensive. In some of the cheaper processes there is a large increase 
in volume through the incorporation of "reagents", which has the drawback 
of reducing the capacity of a site. 

In the selection of process, in addition to costs, factors such as the 
acceptable risk relative to the potential hazard (Office of Technology 
Assessment, 1983) and persistence of the contaminant must be considered. 
Attenuation, radioactive decay and bio-degrad ability capabilities in the 
immediately environment are important. 

Brown and Deuel (1980) and Lyman and Contos (1980) prepared reviews of 
physico-chemical processes involved in detoxifying chemical wastes (often 
needed prior to solidification). The US Environmental Protection Agency 
(US EPA 1982b, 1982d) reviewed technology available for the treatment of 
hazardous wastes. Guidelines have been prepared by the Ontario Ministry 
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of the Environment {OMOE, 1978). Revisions are currently being addressed 
through implementation of the Blueprint for Waste Management (OMOE, 
1983K 

Principles of WS/S have been reviewed (Landreth, 1979; Krofchak, 1980; 
MacLaren, 1980; Thompson et al, 1980; Anon, 1982; Cote and Constable. 
1982, Proctor and Redfern Group, 1982; USEPA. 1982d; Eklund and 
Holcombe, 1984). 

Nuclear waste disposal technology, much of it also applicable to non-nuclear 
waste, was reviewed by Rusin et al, (1980). Stone (1981) presented an 
overview of factors affecting the leachability of nuclear waste forms. 

Malone and Larson (1982) discussed the chemical processes resulting in 
reduced contaminant mobility in the more common systems in WS/S. The 
major chemical processes were described as follows; 

Adsorption 

Chemsorption 

Passivation 

Diadochy (elemental substitution) 

Reprecipitation 

Solid solutions of contaminants, probably in the molecular and colloidal size 
range, in solidifed fixative can also retard mobilization with relatively weak 
bonds held by van der Waals forces (Lubowitz et al, 1984). 

Filtration and flocculation of colloids (followed by filtration) in a matrix of 
low permeability are also important factors. Micro-encapsulation [Roberts 
and Smith, 1980) with micro and macro particles encased in fixative can 
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provide high performance fixation provided the products retain their 
integrity (Lubowitz et al , 1984). 

The most common, and cheaper, solidification/stabilization processes use 
lime, gypsum, cement, fly ash, slag and clay. Some systems use soluble 
silicates. Various chemical processes are involved, such as precipitation at 
high pH, redox, cation exchange, and formation of stable crystal lattices 
e.g., with the soluble silicate processes (Landreth, 1979; Pojasek, 1979; 
Thompson et al, 1980). 

Lubowitz et al (1984) suggested that improved resistance to leaching could 
be obtained by reacting wastes with covalent additives such as polysul- 
phides and or gano-sulp hides. 

Incineration is usually the most practical route for organics (Reed and 
Moore, 1980) unless they are in too low a concentration for combustion. 
With incineration, the ash can then be stabilized as for inorganic wastes. 

The composition of "reagents" in patented processes is often confidential. 
The usual practice is also to "tailor" additive proportions according to the 
composition of each batch of waste. 

The effectiveness of some systems is highly dependent on compaction and 
particle size distribution of the solidification waste to obtain low 
permeability, thereby minimizing contact with solubilizing agents (Colussi 
and Mullen, 1983). 
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Relatively expensive processes include embedding in thermoplastic (such as 
asphalt), encapsulation and glassification. 

PATENTED AND GENERIC PROCESSES 

Some of the cheaper processes available for WS/S are listed in Table I and 
high cost systems in Table II. Materials with large surface areas and hence 
possessing absorption and adsorption properties and more common chemical 
pre-treatraent systems are listed in Table III, 
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T A B L E I 



WASTE SOLIDIFICATION/STABILIZATION 



LOWER COST COMMERCIAL PROCBSSES 

Lime, cement, pozzolanlc, silicate 
Patented 



Calcilox-Dravo Lime Co. 

CWM-Chemical Waste Management 

Poz-0-Tec - lU Conversion Systems 

Sealosafe/Stablex - Rio Tinto Zinc 

Solid Tek 

Canadian Waste Technology (Ontario) 

Frontenac Enterprises (Ontario) 

Versicol 

Terra-Tite 

Terra-Crete 

Chem-Technics 

Permix - American Resources 

Enviro-stone Gypsum Cement - US Gypsum Co. 

Petrifix 

Soliroc - Cherastobel/Tricll 

Chemfix - Chemfix Inc. 

Siroc 132 - Raymond International (Grout) 

Ansorb - Anschultz Minerals Corp, 

Sludgeraaster Additives V and C - Sludgemaster Inc. 



Not-patented 



Soil-Cement 

Cement 

Concrete 

Self-Cementing (calcining) 

Generic processing 

Grouts - sodium silicate, Portland Cement 
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TABLE II 



HIGH COST PROCESSES 

Thermoplastic 



Volume Reduction and Solidification System (VRS) 

- Werner and Pfleiderer 
Drum-Mixer bitumenization plant - Japan 
Asphalt - concrete 



Organic Polymer 



Binder 101 - Dow 

Safe-T-Sel 

THW - encapsulation 

CR 130 - 3M Co. (urethane grout) 

AV 100 - Avanti Int. (acrylamide grout) 



Classification 



Borosilicate 

High silica 

Porous glass matrix (PGM) 

Stable Product Low Leach Glass (SPLEG) 

Ceramic 

Iron rich synthetic basalt 

Slagging Pyrolytic Incineration (SPI) 
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OTHER PROCESSES 
Absorbants 



Opalite - SCA Corp. 

Permasorb 29 - Naional Starch S Chemical Corp. 

Tri Pak Solidification Medium - Tri Resource Industries 

Quik-Gel drilling mud - NL Baroid/NL Industries 

Safe-N-Dri - Oil Drl Co. 

Hazorb - Diamond Shamrock Corp. 

Locksorb - Radecca, Inc. 

Dowell M179 - DoweU Div., Dow Chemical Co. 

Cement kiln dust 
Fly ash 
Carbon 
Clay, soil 
Sawdust 



Chemical Pre-Treatment 



Neutralization 
Cyanide oxidation 
Chromium VI reduction 



In-situ Waste Treatment 



Biodegradation 
Base-catalyzed hydrolysis 
Oxidation (hydrogen peroxide) 
Water and surfactant flushing 



- 13 - 



The lower cost processes have been generally classified as lime, cement, 
pozzolanic and silicate. However, since there is a broad overlap in additives 
these processes have been grouped together in Table I. The high cost 
processes have application for radioactive and highly toxic waste. Absor- 
bant processes (Table III) remove "free" liquid and the product has the 
appearance of a solid. However, forces bonding the contaminants are 
weaker than in WS/S. Chemical pre-treatraent is normally required prior to 

ws/s. 

Processing plants have been operating in Denmark since 1974 (the 
Kommunekemi plant) and in West Germany since 1976 with the start-up of 
the GSB plant at Ebenhausen. Cemstobel S.A. "Soliroc" plants have been 
treating wastes in France and Belgium for several years. 

The Sealosafe (Stablex) process was Introduced in Britain in 1974. 
Unfortunately, the plant at West Thurrock was closed recently, because it 
was not economically viable. Unlike Ontario and Quebec practices, the 
present British environmental regulations permit co-disposal of a wide 
range of industrial wastes , hence there is less demand for a relatively 
expensive process. In 1983, a Stablex plant was opened in Quebec. The 
Calcilox, Poz-0-Tec and Chem-Fix processes have been in operation in 
the United States since the early 1970's. Secure landfilling with pozzolanic 
cementation was described by Smith et al (1983). 

Some wastes can be incorporated (and immobilized) in useful products. Fly 
ash has been used in concrete, asphalt-concrete (Burgess, 1981; Schrader, 
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1962), clay brick, Portland cement and in soil stabilization for foundations 
{Tripodi and Cheremisinoff , 1980). 

MECHANISMS OF WASTE SOLIDIFICATION 

Treatment by WS/S is applicable principally to wastes prior to disposal. 

However, it can also be used as remedial action in old landfills (US EPA, 

19B2d). 

A wide range of inorganic industrial wastes can be treated by WS/S. In 
addition, the vendors for some processes claim that specified organic wastes 
can be immobilized. Others, such as for Stablex, will not process wastes 
with more than a minimal proportion of specific organics. 

Many physico-chemical reactions are operative for inorganic wastes (Bishop 
et al, 1983). With organics, reactions are more limited, essentially to 
adsorption, volatility, permeability, encapsulation and bio-degradation. 

Some dewatering is often required prior to solidification, through filtration, 
centrifuging or evaporation. Apart from considerations discussed earlier on 
minimizing water input to a landfill, optimum "setting" conditions necessi- 
tate a certain range of moisture content. 

Reduction in permeability is a major factor in minimizing contaminant 
solution and mobility. This can be achieved through fine particle size, 
chemical changes, crystal growth and maximum compaction. Permeability 
can be further reduced through incorporation of the waste in a silicate gel, 
glass or organic matrix. Physico-chemical processes similar to those in 
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early diagenesis in sediments (Berner, 1980) can occur with some solidifi- 
cation processes. Sediment and soil technology on precipitation and 
dissolution such as the principles of nucleation, transport controlled 
crystal growth and retardation of dissolution by adsorption of inhibitors is 
relevant to the understanding of solidification processes. 

The sequences of chemical reactions require time, often several years. A 
certain minimum curing period is needed. 

Adsorption 

Adsorption of metallic species can be cationic and anionic, e.g. for cadmium 

as Cd++( cationic) and as the complexed liquid CdEDTA (anionic). The zero 
point charge (ZPC), with a net charge of 0, can be important (Elliott, 
1983). The ZPC can be affected by surface coatings, such as iron oxides. 
Cationic adsorption results in a change in permanent charge whereas 
anionic adsorption is pH dependent. 

Chemical adsoption in sediments generally follows Langmuir and Freundich 
isotherms (Berner, 1980). There is some relatively weak physical adsorp- 
tion by Van-der~Waal forces and stronger bonding by chemi-sorption. 
Important considerations are the iso~electric point for the various 
components in a system, the electric double layer, Gouy layer and the 
Donnan equilibrium. 

Similar processes occur in soils (Schweich and Sardin, 1981) and soil-like 
wastes. Zinc and copper adsorption followed the linear Freundlich isotherm 
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for some soils whereas for bw zinc concentrations in another soil it followed 
the linear Langmuir isotherm (Kurdi and Doner, 1983). 

Ionic competition is also a significant factor such as between zinc and 
copper. Kurdi and Doner (19835 found that zinc adsorption was greatly 
affected by the copper concentration but not the reverse. 

Competition for exchange sites can occur between hydrogen ions and 
cationic species, such as Cd++ (Elliott, 1983). The process also occurs 
between a number of inorganic anionic species and polar organics (Murali 
and Aylmore, 1983). 

Some of the principles of ion exchange during miscible displacement, such 
as Ga by Na and Li, are also relevant (Persaud et al, 1983). Chemically 
non-reactive anions, such as chloride and sulphate, are difficult to immo- 
bilize. Processes resulting in physical isolation, must be used, eg. by low 
permeability or encapsulation. Arsenic can also be difficult to stabilize. 

Precipitation 

The micro-environment within a waste during the leaching process is of 
prime importance. Controlling factors are changes In leachant ionic 
strength with time and depth as liquid permeates through a body of waste, 
affecting activity coefficients of various ions to different degrees 
(especially divalent and trivalent species), and pH changes affecting the 
solubilities of inorganic species and the degree of ionization or organic acids 
(Pohland, Gould et al. 1982). 
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Primary solubility controlling ions are hydroxyl (OH), carbonate (003=) 
and sulphide (S=). In addition to pH the oxidation/reduction potential 
plays an important role, particularly with respect to the precipitation of 
heavy metal sulphides (the solubility product of ZnS is 10-25). Biological 
activity also has an effect on the sulphide/sulphate ratio. Some toxic heavy 
metals may preclude mocrobial sulphate reduction to sulphide (and methane 
production). 

Organics also affect precipitation through their complexing capability, 
affected by their degree of ionization. The aromatic phenolic hydroxyl 
compounds, such as the tannic and humic acids, are the most efficient 

complexers. 

ADDITIVES 

Lime 

Simply lime blending or inter-layering a waste with lime can have a marked 

effect on stabilizing a waste. Pyritic mine waste treated with Ume, sewage 

sludge and fertilizer was markedly improved in terms of reduced metallic 

contaminants in leachate and, under top cover, could support vegetation 

(Apel, 1983). 

Some patented processes are partly based on the addition of lime, lime kiln 
dust or highly basic wastes such as slag. These materials raise the pH 
thereby precipitating out heavy metal hydroxides. Subsequent contact with 
carbon dioxide to form carbonates will tend to form a solidified [cemented) 
mass. In some processes part of the waste is calcified at high temperature 
to generate basic cementitious products. 
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Gypsum 

Gypsum is the main constituent in processes such as Envirostone of U.S. 

Gypsum Co. It is also a minor additive in other processes. 

In its application in the solidification of FGD sludges it exists as calcium 
sulphate hemi-hydrate and/or dihyrate (Woodyard and West, 1980). Calcium 
sulphite hemi-hydrate may also be present. The permeability was relatively 
high (10-3 to 10"4 cm/sec), however, with the addition of fly ash permea- 
bility can be reduced to 10"^ cm/sec 

Clay 

Clay is added in some processes to increase the number of adsorption 
sites, ion exchange and water-holding capacities of the solidified mass and 
reduce permeability. 

Some solidification formulations and landfill liners contain bentonite 
( montmorillonite type) clay. The properties of bentonite have been 
reviewed (Morrison, 1981; Garner, 1982). However, some types of leach- 
ate, such as solvents and strong alkali (Miles and Boyer, 1982) can 
adversely affect the properties of bentonite. 

Cement 



Most cement-based processes incorporate Portland cement (and/or cement 
kiln dust) produced by firing limestone and clay at high temperatures. 
The cement contains typically 50% tricalcium silicates, 2 5% dicalcium silicate, 
10% tricalcium aluminate and 10% calcium aluminoferrite . Soluble silicates 
are added in some processes. 
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Portland Cement in the presence of air entraining agents and fluidizers can 
form durable grouts for in-situ waste stabilization (Malone and May, 1984). 

Vertniculite-cement , sodium-silicate cement and styrene impregnated con- 
crete are used for radioactive wastes (Holcomb, 19B0). 

The setting of Portland cement is partly due to hydration with the formation 
of a colloidal calcium silicate hydrate gel with interlocking silica fibrils. 
Falcone et al (19B3) has suggested that the following three mechanisms in 
silicate/cement stabilization of chromium and zinc plating waste. 

1. The formation of insoluble Cr and Zn (hydrous) oxide silicates. 

2. Encapsulation of Cr and Zn involving the formation of insoluble Ca and Mg 
(hydrous) oxide silicates on sludge particle surfaces. 

3. Encapsulation of Cr and Zn involving the formation of a gelled silicate 
sheath over sludge particles which then becomes insoluble by the 
addition of calcium ions (from cement). 

Pozzolanic processes involve the reaction of lime with fine grained siliceous 
material such as fly ash, blast furnace slag and cement kiln dust. Similar 
chemical reactions occur as with cement and Ume-based processes. The 
concept of "micro-encapsulation" has been suggested (Roberts and Smith, 
1980). 
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Lime and cement based processes are compatible with most types of waste 
although some liquid organics and halides may impede or retard setting. 
Organics may also escape as vapour. Inorganic acids, sulphates, heavy 
metals and radioactive wastes are generally compatible with most processes . 
Halides and sulphates may retard setting of cement based processes. 
Halides may also retard setting of lime-based processes and are easily 
leached. 

Soluble Silicates 

The addition of soluble silicates results in the formation of relatively 
insoluble heavy metal silicates in a gel-like matrix of low permeability. In 
some processes, such as Soliroc, chemical reactions at an intermediate stage 
of the process form reactive silicates. 

Sodium silicate in conjunction with calcium and magnesium chlorides and 
dimethyltormamide can be used as durable grouts with possibilities for 
sealing sediments (Malone and May, 1984). A patented product (Siroc 132) 
was promising for sealing soil. (Bodocsi et al, 1984). 

Fly Ash 

Some fly ashes are a useful additive, imparting basicity to the product, 
absorbing water, providing adsorption sites, reducing permeability and 
aiding in the cementation process. 
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Slag 

Blast furnace slag is used as an additive in some processes, such as 

Calcilox. When pulverized; the properties are similar to those of fly ash. 

LOWER COST COMMERCIAL PROCESSES 



Calcilox 

The Calcilox process of the Dravo Lime Co. (Longfellow and Hoffman, 
1980; (Veitch et al, 1980) uses a water-granulated blast furnace slag plus 
additives. It has been used for improving the compactability and stability 
of combined coal refuse (Usmen and Cheng, 1982) with adequate freeze-thaw 
durability and pressure characteristics. It's main application, however, is 
for power plant flue gas desulphurization (FGD) sludges. Curing is 
normally for 5 to 20 days. 

CWM Process 

Chemical Vyaste Management (Sandesara, 1980) processes sulphuric, 
nitric, hydrochloric and chromic acids in addition to an inorganic or 
organic arsenical waste. Bayhouse lime is added forming a solidified waste. 
There is a pre-treatment with ferrous sulfate and sulphuric to convert 
hexavalent chromium to the trivalent state. 

Poz-0-Tec 

In the Poz-0-Tec process lime and fly ash are blended in a pug mill. 

Vacuum filtration may be used to increase the solids content to 60 percent 

(Woodyard and West, 1980). The process is used principally for FGD 

wastes. Calcium sulphate, present in the waste, assists in the cementation 

process. 
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A major attribute of the product as stressed by the vendors is its low 
permeability which in itself retards leachate production (Colussi and. 

Mullen, 1983). 

Sealosafe (Stablex) 

The "Sealosafe" process was introduced in Great Britain in 1984 with 
three facilities in Britain by 1977 and one in Japan [Schofield, 1980); 
unfortunately as discussed earlier, the operations in Britain were shut 
down recently for economic reasons. Stablex Canada opened a treatment 
center for inorganic wastes at Blainville, Quebec in 1983. 

The Stablex Corporation in the US was granted a temporary exclusion from 
the EPA hazardous waste listing procedure for a proposed facility in 
Groveland, Michigan in November, 1980. An application was also made for 
specific wastes to be processed at a New Hampshire location (US EPA, 
1982a). Following extensive field and laboratory investigations of Stablex 
solidified waste at West Thurrock, Great Britain, the US Environmental 
Protection Agency stated that "none of the composited extracts showed 
concentrations of the toxic heavy metals at levels above the levels set as 
part of the Stablex delisting decision" (Stablex Corporation, 1983; US EPA, 
1983c). The conclusion applied to the material both as a slurry and 
solidified product. 

The process uses Ume, cement and pozzolanic additives; specific reagents 
are added for some elements {Grenier, 1983). Proportions of additives are 
varied depending on the properties of each batch of waste. Waste and 
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reagents are transported as a slurry. A curing period of 6 to 72 hours for 
initial set-up is norniedly specified. 

The process is designed for inorganic wastes only. Strict control is placed 
on the content of organics (up to 5 percent at the Quebec facility). 

McClelland et al (1980) described the application of the process for 
autdrnative plating wastes containing Ni, Cr and Ca and zinc phosphate 
paint priming wastes. 

Low permeability (of the order of 10-6 cm/sec) and high structural strength 
is claimed for the product. 

Solid-Tek 

In the advertising literature for the Solid-Tek process, it is stated that 
the treatment is customized according to the characteristics of a particular 
waste (as for Stablex). 

Frontenac Enterprises Ltd. 

Frontenac Enterprises used the Krofchak process (Krofchak, 1980) to 
solidify pickle liquor wastes at the Upper Ottawa Street landfill, Hamilton 
from about 1974 to 1980 when the operation was discontinued. 

The company is acting as consultant in a pickle liquor WS/S facility for 
Atlas Steels in Welland, currently under construction. 
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Other Cement Based Processes 

The Versicol process also uses Portland cement. It is claimed that the 

process is suitable for organic sludges. 

Terra-Tite (Smith, 1980), Terra-Crete (Valiga, 1980) and Chein-Technics 
(Connor, 1983) are other patented processes. Webster (1984) provided 
data on physical properties and leachability of a Permix solidified 
electroplating waste. 

The Petrifix process (developed in France) has application for metallurgical 
and petrochemical wastes (Pichat et al, 1980; Zech, 1981). It was claimed 
to be relatively inexpensive, rapid and environmentally safe. 

Soliroc 

The Soliroc process was proposed (but not adopted) for WS/S at the 
Walker Brothers quarries in Thorold. The patent holders (Cemstobel) are 
currently associated with Tricil. The process (Canadian patent 1073476, 
issued March 11, 1980) involves the synthesis of "low polymerization silicic 
acid" as an intermediate step by lowering the pH to 0.5-3, then raising the 
pH to 4-10. Metal silicates formed are said to be "ultimately linked to the 
silicic skeleton of the gel". 

C hem fix 

The Cherafix process is based on the reaction of soluble silicates with 
metals in the waste and silicate setting agents to form relatively insoluble 
heavy metal silicates in a cross-linked solid (gel) matrix (Wisnicwski, 1975), 
in addition to hydrolysis, hydration and neutralization reactions. Usually 
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there is less than 10 percent silicate plus setting agent in a batch {often 
less than 5 percent). Oils, etc. are trapped in the matrix. The product 
can be described as "soil-like". 

The process has been widely used in the United States over many years. 
Duncan [1982) described the application of the Chemfix process for treating 
leather wastes. 

Comparison of Processes 

Since there is appreciable cost differential between different options for 

disposal, the merits of a process have to be judged against its cost. 

Barrier et al (1978) compared costs of Calcilox, Poz-0-Tec and Chemfix 
processes for stabilizing flue gas desulphurization wastes, versus untreated 
ponding, untreated sludge-fly ash blending and gypsum. The gypsum 
process was the cheapest route for a newly constructed 500 MW power 
plant. Processes requiring pond disposal (untreated and Dravo) required 
the highest capital investment; those requiring chemical treatment (Dravo, 
Poz-0-Tec and Chemfix) had the highest annual revenue requirement, 
particularly Chemfix. 

Schlesinger (1980) compared the alternative routes of ponding, mine 
disposal, forced oxidation, Poz-0-Tec and Calcilox. In another case, 
disposal of fly ash and limestone scrubbing waste by landfill following 
Calcilox treatment compared favourably in cost with mine disposal (Veitch 
et al, 1980). Usmen and Cheng (1982), compared the effectiveness of fly 
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ash, kiln dust and Calcilox, in improving the compactability/stability of 
combined coal refuse. Calcilox was most promising. 

Eklund and Holcombe (1984) cited the results of a comparison study by 
Thompson (1982) on the evaluation of Chemfix, Calcilox and Poz-0-Tex 
processes for stabilizing FGD sludge. Using the criteria of unconfined 
compressive strength, permeability coefficient and EP extractable Cr, B and 
Ca Eklund and Holcombe considered the three processes to be generally 
applicable, producing product acceptable for landfill disposal (above the 
water-table) . 

Other Cement Applications 

Many of the patented WS/S processes use cement. Cement is also used in 
generic processes, such as those being developed at the Wastewater 
Treatment Centre of Environment Canada in Burlington, Ontario (Zenon 
Ltd., 1982; Cote and Hamilton, 19B3). As discussed earlier, in self- 
cementing processes, cement can be generated within some wastes by 
calcining. 

Portland cement-Type I is most commonly used with some Types II and V. 
Clay, vermiculite and sodium silicate can be used as additives. Type II 
cement, with sodium silicate, can be polymer impregnated. 

Various materials retard the setting of cement, such as organics, silt, clay, 
particles <74 uM , Mn , Sn, Zn, Cn, Pb, and several anions (arsenate, 
borate, phosphate, iodate, sulphide, sulphate). Type V (low aluminum) 
cement is used with high sulphate wastes. 
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Hydraulic cement-vermiculite mix has been used to immobilize mercury and 
arsenic (Stauffer Chemical Co. 1981). A soil-ben to nite-cement mix 
contained PCB's at Lake Clear, Ontario (MacLaren Engineers, 1983). Soil- 
fa entonite and cement-bentonite slurry trenches are used for containing 
leachate from sanitary and hazardous waste landfills with advantages for 
the cement-bentonite system (Adaska, 1984; Portland Cement Association, 
1984). 

Soil-cement can be used effectively for lining waste-water equilization 
ponds and municipal sludge drying lagoons [Portland Cement Association 
literature). The permeability is normally 10-6 to 10-7 cm/sec; shrinkage 
cracks can develop, but they normally tend to fill with sediment and 
increase permeability by only 5 to 10 per cent (Dinchak, 1984). It was 
claimed that the permeability could be further reduced to 10-8 cm/sec (as 
required by Metro Toronto) by using the optimum particle size distribution 
for the soil and incorporating fly ash and lime as fillers. 

Soil-cement was shown to improve in desirable qualities during exposure to 
municipal solid waste (MSW) leachate from a landfill, whereas asphaltic 
concrete and membranes showed deterioration (Haxo, White el al, 1983). 
Soil-cement can also be used in composite liners (Dinchak, 1984). 
Successful tests were conducted in Apalachin, N.Y., on single 30 mil and 
40 mil high density polyethylene sheets sandwiched between two 6-inch 
layers of soil-cement (80 mil thickness is required without soil-cement). 
There were no shrinkage cracks in the top layer of soil-cement. Dinchak 
commented that the U.S. EPA considers the composite layer to be a single 
liner system. 
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Various, cements, with and without bentonite, have been used for evapor- 
ator concentrate radwaste (Rudolph et al, 1980). Up to 10% bentonite could 
be included without disintegration of the product in leachant. At elevated 
temperature and pressure (100°C and up to 10 MPa pressure) the slag 
cement product was more stable than that with Portland cement. At elev- 
ated pressure a dense layer adhered to the concrete surface retarding 
leaching. 

Concrete has application in stabilizing wastes, particularly radwastes. It 
may be combined with asphalt ( asphalt -concrete ) . The material can be 
effective as a liner to contain industrial wastes. It was found that a con- 
crete-lined pit with a rainfall-activated cover was more effective over a ten 
year period than two 6 mil polyethylene liners in containing dilute pesti- 
cide/herbicide wastes (Hall et al, 1981). 

Ontario Hydro stores lower level reactor wastes in shallow in-ground con- 
crete trenches (Carter, 1984). Concrete "tile holes" are used for highly 
radioactive cartridge filters and ion exchange resins. 

Concrete can be damaged by freeze-thaw; experience at Ontario Hydro is 
that the problem can be prevented by using air-entralnment . 

HIGHER COST PROCESSES 



Expensive processes have applications for the more hazardous wastes, 
such as high level radwastes. They are either energy intensive, high 
capital cost or relatively low capacity compared with the low cost processes. 
On the other hand, longer term retention of contaminants can be expected. 
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With some processes there may also be some degreee of volume reduction 
increasing landfill site capacity. 

Processes include bonding with asphalt or bitumen, organic polymers, or 
fusion processes including glassification , ceramicization and pyrolytic 
incineration. 

Bitumen and Asphalt 

The application of bitumen and asphalt for rad waste disposal is described 
by Holcombe (1980). The use of a wiped-fiim evaporator and bitumen 
emulsion was successfully tested at the Douglas Point (Ontario) nuclear 
generating station (Buckley and Burt, 1981). 

Volume Reduction and Solidification System (VRS) 
- Werner and Pfleiderer 

Inorganic wastes are combined with a plastic binder (Doyle, 1980). The 
VRS evaporator process is used with thermoplastics. Asphalt is in most 
common use but polyethylene, polypropylene and nylon also have applica- 
tion. Paraffin may also be used as a stabilizing agent. Thermosetting 
plastics are less commonly used. The waste usually has to be dried before 
processing although wet sludge can be handled with emulsified bitumen. 

Brenner and Rugg (1982) described the successful application of the VRS 
process with encapsulated sulphur-asphalt for copper sulhate , various 
organic dyes and ferric ferrocyanide . 
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Polymers 

Organic polymer processes normally use urea-formaldelyde (UF). Vinyl 
ester-sty rene [Binder 101) is used in a Dow system. Saf-T-Sel is a long 
chain organic polymer used for radioactive wastes. 

It is possible to immobilize some organics as droplets in organic gels. An 
epoxy grout was used successfully to stabilize arsenic in sediments 
(Christensen and Wakamiya, 1980). A water extended polyester encapsu- 
lation system was described by Subramanian and Mahalingam [1980). The 
process was used for hexavalent chrome, cyanide, kepone, PCB's Eind 
arsenic. 

Acrylates, acrylamides and urethanes can be used in in-situ waste stabili- 
zation but were shown to be less durable than silicate or cement grouts 
[Malone and May, 1984; Bodocsi et al, 1984). There can be problems with 
some polymer systems due to degradation by micro-organisms and ultra- 
violet radiation. 

Glassification 

Classification has been used principally for the ultimate disposal of 
radwastes [Holcomb, 1980). Macedo et al [1982) found that high silica 
glasses had greater durability (resistance to solution) than borosilicate 
glass. The Porous Glass Matrix (PGM) with high silica and specific oxides 
appeared promising. 

Ideally, the composition of a glass should be tailored to be in near- 
equihbrium with the surrounding backfill. Various formulations can be 



- 31 - 



made, synthesizing stable minerals. The Stable Product Low Leach Glass 
(SPLEG), described by Karkhanis et al (1980), contained tourmaline, 
raontmorillonite and calcium phosphate. SYNSPLEG-1 contained high sodium 
and the above mineral suite. SYNSPLEG-2 was higher in boron with the 
presence of hydroxyapatite and wairaklte (zeolite-type) minerals. In 
SYNSPLEG-3, there is the substitution of Mg by Cu. 

Flinn et al (1980) described an iron-rich synthetic basalt prepared by a 
slagging pyrolytic incineration (SPI) process. The minerals augite, 
magnetite and haematite were thought to be present. The presence of 
ferrous iron increased the resistance of uranium and other actinides to 
leaching. The ferrous/ferric ratio prevented the oxidation of actinides and 
inhibited reactions with carbonates and sulphate. 

OTHER PROCESSES 

Absorbents 

Some materials such as carbon, verraiculite and fly ash have capacities for 

absorption of free liquids and adsorption of inorganic and organic 

species. 

The properties of activated carbon in this role are well known. With 
organics, there can be competitive adsorption (Fritz and Schlunder, 1981). 
Some fly ashes have similar properties to activated carbon. Both fly ash 
and vermiculite are included in some WS/S formulations. 

Some proprietary materials, such as Opalite of SCA Corporation are claimed 
to have the capacity to solidify wastes by absorbing the free liquid. It has 
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been cautioned, however (Eco-log, February 17, 1984), that overburden 
pressure in a landfill could squeeze out the free water,. 

SMC Martin Inc. [1983) evaluated the efficiency of several patented and 
generic absorbents for removing "free liquid" from a paint sludge, air 
pollution control equipment sludge, oily separator sludge and paper sludge. 
Patented absorbents tested were Permasorb 29, Tripak Solidification 
Medium, Quik-Gel drilling mud, Safe-N-Dri and Hazorb. Vermlculite, 
cement kiln dust and fly ash were also evaluated. 

Free liquid content was determined by the Paint Filter Liquids Test (RCRA 
Test Method 9095). Cement kiln dust was effective for the oily separator 
waste; unfortunately, it was one of the least absorbent materials tested. 
Fly ash had the most consistent absorbency ratio (ml free liquid per ml 
absorbent) for the different wastes but its absorbency was tow. Both 
wastes have advantages in terms of low cost and availability but the 
disadvantage of the large quantities required to absorb free liquid. 
Vermiculite had slightly higher absorbencles but was expensive. 

Absorbencies were tower for the oily separator waste than for the other 
wastes with the patented absorbents tests. Permasorb 29 had the highest 
absorbencies, especially for the paint sludge. Its capacity for absorbing 
liquid was reduced if the ionic strength of the waste was high and the pH 
either high or low. An advantage of Permasorb 29 was said to be that the 
viscosity of treated waste increased with time improving the ability of the 
waste to retain free liquid under landfill pressure. 
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Absorbents can be added to a liquid waste to produce a solid material which 
is easier to transport with minimal increase in volume and to reduce aerial 
emissions. This application was employed in an acid petroleum sludge 
stabilization study by Eklund and Holcombe (1984 K Dowell M179 (a 
synthetic polymer and bentonite mix), Locksorb absorbent and site soil 
were evaluated. The criteria for structural stability used in the study was 
the weight per cent of additive required to achieve a semi-solid, non- 
flowing slurry. Only 2% of Locksorb was required, compared with 20% for 
Dowell M179 and 91% for site soil. 

Some agricultural wastes have varying degrees of effectiveness as binders 
for heavy metals. As an example, Kumar and Dara (1981) found that onion 
skins were superior to bagasse and flour for the adsorption of Cu, Pb, Zn 

and Cd. 

Chemical Pre-treatment 



Preliminary treatment of liquid industrial wastes is usually required prior 
to WS/S. The "phys/chem" operations are often the major part of an inte- 
grated waste treatment plant. In some cases, after phys/chem treatment, 
the effluent is "polished" to the extent that WS/S is not needed. 

In "total" WS/S there is no liquid effluent; however in "partial" WS/S 
(OWMC, 1984) there is an effluent which may or may not require further 
treatment. 

In some situations, but less preferably, treatment can also be extended to 
waste in-place, particularly for organics. Some research indicates that 
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practices such as base-catalyzed hydrolysis, oxidation with hydrogen 
peroxide and flushing with water or recycled leachate may be useful routes 
{Dul et al, 1984). Sims and Wagner (19B4) discussed methodology for 
selection and implementation of in-situ treatment. 

LEACHING MECHANISMS 
Inorganic Contaminants 

It is important to determine the potential for leaching of contaminants from 
a solidified/stabilized waste. This is dependent partly on its chemical 
properties but also on physical properties affecting diffusion rates, 
permeability, surface area and mechanical integrity. The latter can be 
important in relation to stability to mechanical impact from earth moving 
machinery, wet/dry and freeze/thaw cycles. The stability to microbial 
action or, in instances where the waste is attacked, the toxicity and 
mobility of the products of microbial action, are also factors that should be 
considered for some wastes. 

A waste must be contacted with water in order to leach. Leaching will 
occur under static conditions until there is a state of saturation. The 
process will be accelerated if there is replenishment of leachant under flow 
conditions. In many instances, increasing leaching will occur with 
increasing flow rate; however in unbuffered systems the changes in pH can 
result in maximum leaching at an intermediate rate of flow, 

A solidified/stabilized waste may contain soluble salts of relatively low 
toxicity. The leaching of these salts during the initial stage of exposure of 
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a treated waste to a leaching test or landfill environment will affect pH and 
contaminant discharge. The initial soluble salt effect must be considered in 
the application and interpretation of leach tests. 

Aqueous flow occurs through the pores in soils and rocks. Water also 
moves at a much reduced velocity by diffusion through the matrix of a 
solidified waste. With materials of very low permeability, such as glasses, 
surface dissolution ("corrosion"), may be the dominant process leading to 
the release of contaminants. 

There is some concern that solidified wastes may be leached by acid 
precipitation. A model developed to predict the effects of such exposure 
on soils (Arp, 1983) and experimental verification (Arp and Ramnarine, 
1983) could have application in assessing effects on solidified wastes. The 
following chemical properties were significant: 



- Cation exchange capacity 

- Cation exchange sites per unit area 

- Base saturation 

- Soil buffer ranges 

- Carbon, nitrogen and sulphur cycles 

- Atmospheric input of H+ ions 



Field and indoor lysimeter studies were used (in addition to watershed 
studies). Observed and predicted acid cation retention results were in 
good agreement. 

Diffusion 

Molecular diffusion through pore water, as In sediments (Berner, 1980) is 

the dominant diffusion process, with application of modified forms of Pick's 
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first and second laws. Factors such as gradients in electrical potential, ion 
paring, tortuosity and temperature have to be considered. 

As shown in shake tests (Taub and Roberts, 1978) and in column leaching 
with distilled water under unsaturated flow conditions (Darcel, 1982), 
production of ionic flux conformed with the penetration theory of diffusivity 
[Higbie's concept of turbulent flow with transient entities or "parcels" with 
molecular movement). Conformation was indicated by linearity between ion 
flux and the reciprocal of the square root of elapsed time. 

Leach tests were conducted on simulated solidified evaporator concentrate 
rad waste at ambient temperature for three years (Rudolph et al, 1980). 
Portland cement, slag cement and pozzolanic cement were tested, in addition 
to bentonite to Improve the retention of cesium and strontium. Tap water 
and salt brine were used as leachants. The leach rates in salt brine were 
of the same order of magnitude as with tap water. Leaching of cesium with 
salt brine followed that predicted by the diffusion theory (linear relation 
between amount leached and the square root of time). If the sample 
disintegrated because of >10% of leach retarding additives, such as 
bentonite, there would be a sharp upward bend in the leach curve. With 
tap water an S-shaped curve was obtained indicating that mechanisms other 
than diffusivity were also operative. 

In tests with leachant renewal a driving force is maintained between solid 
and liquid. The flux is the mass of a species crossing the waste - aqueous 
solution interface per unit area in unit time. It can be normalized as a 
waste form leach rate by dividing the flux by the initial mass fraction of a 
contaminant species [Cote, 1983c). 
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Mo d Fi(t) 

Li(t) = 

A d t 

where: LjCt) = leach rate 

Mq = initial mass of waste 

A = surface area (true or geometric) 

Fi(t) = cumulative fraction leached at time t/ 
initial mass of species i in specimen 



The leaching of many glasses and some cements has shown that the total 
fraction leached varies as the square root of time at short times and linear 
with time at longer times (Godbee and Joy, 1974; Godbee et al, 1980). 
Stone (1981) noted a similar square root time dependence for nuclear waste 
forms {diffusion controlled) and stated that when leaching is time 
independent a dissolution or corrosion mechanism was indicated. 

Long term leach behaviour may be influenced by dissolution of the matrix or 
reversible or irreversible chemical reaction in addition to diffusion 
processes. 

Leaching Models 

It is important to be able to predict long-terra leachability from short-term 
tests. Pescatore, Simonsen and Machiels (1982) attempted to develop a 
predictive model to relate data obtained from a few months of testing 
nuclear waste to at least 150 years of leaching. Asymptotic analysis was 
found to be a useful too, providing the model was linear. A semi-empirical 
model developed for nuclear waste testing was applied to other solidified 
wastes (Cote 1983a; Cote and Isabel, 1983, Cote, Bridle and Hamilton 
1983). The apparent effective diffusion coefficient (D'g) accounted 
for the effects of matrix tortuosity and the partial solubility of a 
contaminant. 
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Fjtj = a + b tl/2 + c t CD 

where: ^(X) ~ cumulative fraction leached 

t = time (seconds) 

a,b,c = coefficients 

A D'e 1/2 (2) 

^(t) = 2 (— ) i-4-) tl/2 

^ ii 



where: A/V = ratio of specimen geometric surface area to 

volume (cm~l) 

D' e = apparent effective diffusion coefficient 
(cm2/sec) 



Equation 2 is applicable when diffusion is the only leaching mechanism 
CCote, 1983), when the leached specimen can be modelled as a semi-infinite 
medium and the leachate concentration can be assumed to be zero at all 
times (Cote and Isabel, 1983). 

Cote, Bridle and Hamilton (1983) obtained statistically significant 
coefficients (a,b and c) for Equation 1 for the leaching of arsenic from 
solidified mixtures with fly ash/lime, fly ash/cement, bentonite/cement and 
soluble silicate cement. Some of the coefficients were significant for 
cadmium, chromium and lead. The coefficients could not be calculated for 
the fly ash/lime and fly ash/cement mixtures for cadmium and lead because 
of the large initial fraction leached for these metals. With phenol the 
cumulative fraction leached was too high for all solidification processes and 
the serai-infinite model was not applicable. 

The apparent effective diffusion coefficient (D'g) could be calculated from 
serial batch extraction data for cadmium, chromium and lead for the bent- 
onite/cement and soluble silicate/cement mixes only. 



- 39 - 



Macedo, Barkatt et al (1982) and Barkatt, Macedo et al [1983) developed 
models to evaluate the durability of nuclear waste-form materials. 

Amoozegar-Fard et al, (1983) used a model for saturated and unsaturated 
conditions to predict solute flow for reactive ions, such as Ca and Cd, and 
non-reactive ions such as chloride. Concepts such as pore water velocity, 
(Darcian flux/water filled porosity), retardation factor (R) and apparent 
diffusion coefficient (D) were involved. Break-through curves for the 
different ions were significant. 

Schomaker and Klingshirn (1982) described the use of the Lapidus 
Amundson solute movement model to predict the long-term steady state 
movement of Cd, Ni and Zn in saturated and unsaturated media. 

Mathematical expressions to predict leaching based on diffusion only, 
generally fit leach data for the mid-range of time (Godbee et al, 1980). 
Higher initial leach rates than those accountable by diffusion may be due to 
a relatively highly active, contaminated surface (surface concentration of 
mobile species). Lower leach rates may be due to a passive surface, 
surface film or filling of voids. 

Hung (1982) used the "Similitude Law" to predict long-term leaching from 
short-term tests. A finite solid diffusion model with normalized leaching 
characteristics was thought to be more realistic then the more commonly 
used semi-infinite solid diffusion model. A dimensionless "leaching number" 
was derived. It was shown that if the dimensionless leaching rates of two 
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systems are the same they have the same "leaching number" according to 
the Similitude Law. 

Leachability Index 

Cote and Isabel (1983) proposed a Leachability Index (LX) calculated from 
the data from an American Nuclear Society serial batch leach test (with 
seven extractions) modified for a variable leachant renewal schedule. 

The Leachability Index was defined as follows; 

r-n = 7 
LX =J^ \ log ( /D'e)n 

7 7 

l-.n = 1 

where: J° = constant (cm2/sec) 

D'e = apparent effective diffusion coefficient 

LX values were calculated from data for the first seven leaching periods 
from a dynamic leaching test with the solidified wastes. The calculated 
cumulative fraction leached based on the LX after 11 months was compared 
with the experimentally obtained values. The correlation was good for 
cadmium, chromium and phenol for which leaching is diffusion controlled. 
These was underestimation of the leachability of arsenic and overestimation 
of the leaching of lead from the fly ash/lime process. 

Research on leaching of stabilized radioactive wastes has application to 
other wastes. Major differences in approach with respect to testing are 
because radioactive wastes are contacted with groundwater rather than 
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rainwater or municipal leachate in deep disposal sites. Contact with liquid 
is almost static in such situations, the temperature is higher and the waste 
is not subjected to the same mechanical or physical stresses, eg. earth- 
moving equipment and freeze-thaw/wet-dry cycles. 

The composition of leachant is also different because of the almost static 
conditions in deep disposal discussed above. In this situation, the 
chemical composition of the waste form wiU tend to control the characteris- 
tics of the leachant. Since glasses are usually basic, the pH of the leach- 
ant will be higher and the dissolved salt content will be high (at 
saturation) . 

Claasen (1981) attempted to predict long term leaching from surface sorp- 
tion and chemical precipitation from natural groundwater systems. In some 
instances release of contaminant appeared to be controlled by precipitation 
on non-contaminant species in a diffusion limiting layer. He also stated 
that accurate long term prediction Involves both detailed study of short 
term processes and natural hydrologic systems. Similarly, Cote (1983) 
pointed out that for solidified wastes mathematical models coupled with 
accelerated leaching tests are required. 

In the case of nuclear wastes it is important to test durability under maxi- 
mum risk conditions (Barkatt et al, 1981). The same philosophy could 
apply to other toxic wastes. 

In dynamic tests with distUled water bulk diffusion controlled leaching 
(proportional to the square root of time) occurred for phenol in all solidifi- 
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cation processes tested and for cadmium, chromium and lead for bentonlte- 
cement and soluble silicate-cement solidification processes (Cote, Bridle and 
Hamilton, 1983), Other mechanisms were also operative in the leaching of 
arsenic for all processes, and chromium in fly ash processes. Kinetically 
controlled mobilizing redox reactions were suggested. 

Qreanic Contaminants 

Unfortunately, most processes that can fixate inorganic contaminants are 
less effective for organics. With volatile organics, there can also be a 
problem with air emissions. Leaching of some organics, such as phenols, 
can be diffusion controlled, as discussed earlier. 

Flocculation of dispersed colloidal matter can be important, such as the 
decolourization of pulp and paper mill effluent with alum and clay (Mittal 
and Mehrotra, 1981). Flocculation can be followed by filtration in a 
solidification matrix or in the surrounding soil. 

Mobility of organics is largely dependant on vapour pressure, volatility, 
water solubility and absorbability. The partition coefficient (n-octanol/ 
water) of an organic substance has been related to bioconcentration in 
aquatic Ufe. Its persistence (defined as its half-life in the environment) is 
dependant on the relative efficiencies of the sinks causing irreversible 
molecular change of the substance. Some of the more important sinks are 
photochemical degradation in gas and aqueous phases and adsorbed state, 
photolysis, hydrolysis and biotic degradation. 
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In the EP test for co-disposal of industrial waste with municipal refuse, 
discussed later in this review, acetic acid is used as the extractant. 
However, water was shown to extract more organics than acetic acid 
(Brown, Maskaritnec et al, 1983). 

It has been suggested that for some organic contaminants, such as PCB, 
FEB, Kepone, Mirex, TCAB and TCDD, that the chain-like molecules can 
pass through the fibrils of a matrix, weakening the effectiveness of 
encapsulation. Vendors of some patented processes (eg; Stablex) place 
strict limitations on quantities and types of organics. 

Eklund and Holcombe (1984) showed that with a wood treatment sludge 
treated with Sludgemaster Additives V and C demonstrated high unconfined 
compressive strength (62 psi) and low permeability (lO'^cm/sec) ; however, 
there was little reduction in the concentration of cresol extracted by the 
ASTM water extraction test compared with the raw sludge control and no 
reduction total hydrocarbon emissions (THC). Similarly, with fixation by 
Ansorb and with the absorbent Locksorb (plus kiln dust and "water 
demanding agent") there was little improvement in leachate quality and none 
in THC emissions. There were negatives of relatively high permeability 
with Ansorb and lower structural stability with Locksorb. On the other 
hand, Locksorb, even at 2 wt%, reduced THC and SO2 emissions from 
an acid petroleum sludge by nearly 50 per cent. 

There is concern in the US that it has not been demonstrated by Stablex 
that the process will stabilize organics other than in kaw concentrations. 
British studies indicated that 3-5 percent organics as Total Organic Carbon 
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{TOO can be handled without problem. Under the conditions of a tem- 
porary exclusion from "listing" for the Groveland, Michigan operation, US 
EPA set an upper limit of 0.1 percent organics as TOG, and this restricted 
to non-listed organics such as cutting oils (US EPA, 1982). To permit 
revision of the upper limit to 1 percent EPA would require spiking tests 
with various organics such as alcohols and sugars. 

There are some patented processes, however, which can, apparently, be 
used with organics. Solid-Tek can be used with API oil/ water/sludge 
mixtures and sanitary landfill leachate. The Velsicol Chemical Corporation 
makes a special claim to handling "organic sludges". A similar claim was 
made by Canadian Waste Technology Inc. for oily sludge and sewage 
sludge. Although the Soliroc process is designed for inorganic wastes, it is 
claimed in the patent that carboxylic acids, phenols, latex waste, aminated 
bases and stearates, oleates, etc. can be treated. 

Apart from the inability of some processes to fixate organics there is an 
additional problem in that some organics can adversely affect clay liners. 
Research at Texas ABM also indicated that some organics such as aniline 
(basic), methanol (neutral) and xylene (neutral non-polar) Increased the 
permeability of clay (Anon, 1982). Anderson et al (1982) reported similar 
findings. Brown and Anderson (1983) and Brown, Thomas et al (1984) 
studied the permeability of compacted soils to solvent mixtures and petro- 
leum products. Their studies, reported in Eco-log, February 17, 1984, 
demonstrated that clay liners were from 5 to 730,000 times more permeable 
to liquid organics than to water. 
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With some organics the problem of containment can be lessened because of 
bacterial or chemical degradation in the soil and rock media surrounding a 
disposal site. For example, soil and clay can catalyze a wide range of 
chemical reactions (Dragun and Helling, 1982). 

PROPERTIES OF SOLIDIFIED WASTE 

Solidified waste should have long range environmental stability. 
Chemical stability and a reduced potential for leaching can be attained 
through processes described earlier in this review. Physical stability, 
obtained through cementing, polymerizing or fusion processes entails 
mechanical stability to water and structural strength. 

Landreth (1979) described desirable properties in the end product of a 
treated wastes as follows: 



Monolithic 

Good dimensional stability 

Freeze-thaw and wet-dry resistance 

Low permeability 

High bearing capacity 

Resistance to biological attack 

Reclaimable 



Test Methods 

Wastes should be tested to determine their suitability for disposal, or 
treatment, health and safety aspects of handling, long term persistence and 
the pollution potential of surface and groundwaters (Young and Wilson, 
19B2). Suitability for use in backfill or other construction applications, or 
"reagents" for blending with other wastes could also be assessed. Consi- 
deration has to be given to the exposure conditions a treated wastes may be 
subjected to, such as the effects or organic acids and other factors in 
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co-disposal with municipal refuse, various groundwaters or acid rain. 
Testing also has to take into account structural requirements for mechani- 
cal handling and permeability. 

Testing to predict with a high degree of confidence the environment effect 
of a treated waste over a prolonged period at a particular site can be rela- 
tively expensive and lengthy. It can involve large scale, long duration, 
column and/or test cells, attempting to simulate field conditions as closely 
as possible. 

Some tests, however, such as the U.S. Environmental Protection Agency's 
Extraction Procedure (EP) test (discussed below) and standard tests to 
determine explosivity, corrosivity, etc., are designed principally to classify 
wastes as hazardous or non-hazardous. They can, therefore, be relatively 
simple and rapid. 

There is a real need for standarized test methods (Josephson, 1982). The 
American Standards for Testing and Materials (ASTM) is playing an impor- 
tant role in standard setting. Committee D34,02 is directed towards 
physical and chemical characterization and D34 .09 towards fixation 
processes, chemical and biologicad treatment and land application. 

Standard definitions for the following parameters used to assess accepta- 
bility of fixation processes have been proposed with a view to establishing 
standardized tests (Gilen, 1983). 
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Abrasion 

Erosion 

Corrosion 

Moisture content 

Viscosity 

Freeze/thaw stability 

Dimensional stability 

Volatility 



Standard methods, usually ASTM, are generally used in physical and 
mechanical testing. ASTM is currently attempting to set standards for 
leach testing of industrial wastes. There is some thought that WS/S treated 
wastes should be subjected to the same tests as untreated wastes. How- 
ever, there are many who feel that tests which require the material to be 
physically disintegrated prior to testing do not fairly reflect leaching of a 
monolithic mass of low permeability. Others have contended that testing 
should be more aggresive than what the material will experience in nature 
to provide a safety factor and an accelerated rate of leaching. 

The National Research Council of Canada has suggested testing to predict 
the effect of 100 years of leaching (NRC, 1983). The US Environmental 
Protection Agency suggested a 1,000 year effect of acid rain in evaluating 
Stablex (US EPA, 1982a). Attempts are made to predict over even longer 
periods for rad wastes. 

In practice, testing has to be of relatively short duration. Efforts are 
being made to interpolate data to longer time frames by mathematical model- 
ling, as described earlier. 

Criteria for acceptability, particularly with leach tests, is also an area 
where there have been wide differences of opinion. There are many who 
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feel that leachability and toxicity consideration for a waste should be judged 
in the overall perspective of the conditions at each specific landfill site or 

proposed application. 

Criteria based on test results are, however, being established by regula- 
tory agencies. Drinking water standards (times a factor) are normally 
applied for potential leachate generation in a landfill with subsequent dilu- 
tion effects, or water quality objectives if the waste is to be judged suitable 
for backfill. 

LEACH TESTS 

There is currently active research in the area of small scale laboratory 
leach testing on solid industrial wastes for regulatory purposes and to 
predict leachate production (Darcel, 1984). 

A major objective of WS/S is, of course, to render wastes inert or at least 
non-hazardous. In the U .8 in particular, there is financial (as well as 
environmental) incentive to have wastes "de-listed" from the hazardous 
category of the Resource Conservation and Recovery Act (RCRA). 

Ideally, a test intended for regulatory purposes should be reproducible, 
relatively simple, and fast. Such a test, however, may not adequately 
predict leachate production in a landfill environment. 

Tests can be designed for worst-case scenarios and/or with accelerated 
leach rates to permit large safety factors. Attempts to simulate field 
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conditions and to use test results to predict field performance demand more 
elaborate tests. 

An important consideration in a landfill environment is the state of reduc- 
tion/oxidation (redox). Anaerobic conditions usually develop, particularly 
under codisposal conditions, accompanied by changes in valence state {and 
solubility) of some inorganic contaminants, and the generation of sulphide 
precipitating heavy metals. Unfortunately, it is usually impracticable to 
maintain such reducing conditions in a simple laboratory test. Some 
chemical reactions are slow and hence may not be complete in a short dura- 
tion test. Many tests have been proposed over the past few years. 
Several of them were used to evaluate Stablex, as discussed in more detail 
later. 

Factors Affecting Results 

Anderson et al (1980) reviewed factors effecting leach test results. Some 
of the major factors affecting the results of leach tests on solidified wastes 
are discussed below. Some specific tests are then described. 

pH Effects 

Vvater or aqueous acid solutions are most commmonly used as eluants in 
leach tests. Deionized distilled water has the advantage of reproduci- 
bility in tests to simulate contact with rain or groundwater. It can be 
de-aerated by sparging with nitrogen or made weakly acidic with carbon 
dioxide. Dissolved salts and stronger inorganic and organic buffering 
agents, often present in a natural system, can modify the leaching 
process. 
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Measurement of resistance to attach by acid is a common requirement in 
leach testing. Wastes can be exposed to organic acids if co-disposed with 
municipal refuse or, in some instances, to relatively weak carbonic acid in 
rain or even to strong but dilute mineral acid (eg. in acid rain). 

Changes in pH are an important factor in leach ab ility . When a waste is 
contacted by a leachant initial changes in pH are normally rapid; however, 
it may take some time to stabilize. As an example, it was found that 
concentrations of extractable Al, Cu. As and Cd in the EP test were highly 
dependent on extractant pH in an EP test on solidified waste (Weeter and 
Phillips, 1979). 

Most solidification processes are at least partly based on the low solubility 
and precipitation of contaminant metals at high pH. Test conditions tending 
to lower the pH through acid addition, as in the "co-disposal" version of 
the EP test (using acetic acid), will release metal contaminants. However, 
in the EP test, the maximum amount of acetic acid that can be added is fixed 
at 2 me/g of waste; hence wastes of high alkalinity have excess alkali 
relative to the total acid added. In such instances, the pH may not drop to 
the 5.0 _^ 0.2 specified for the EP test. 

Components in a solidified waste contributing to alkalinity usually also have 
relatively high solubility particularly if acidified even with C02^ eg calcium 
and magnesium carbonates. Hence, in longer duration leaching tests even 
with water, such as in columns or by sequential extraction shake tests, 
calcium and magnesium will leach relatively rapidly with consequent lowering 
of pH and release of contaminant metals. 
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Young and Wilson (1982) investigated several synthetic leachants to simu- 
late municipal waste leachate. It was found that 5,000 mg/L acetic acid 
buffered to pH 5 with sodium hydroxide was the most effective model. 

There is merit in characterizing the buffering capacity of a basic treated 
wastes by titration with mineral acid and plotting the titration curve. This 
is proposed in the test protocol suggested by WTC/AEC. 

Titration with BN sulphuric acid was used to assess the buffering capacity 
of a base fixated steel-making waste (Darcel, 1982). Long equilibration 
periods were needed after each addition of acid to stabilize pH. Aliquots 
were removed during the titration and analyzed for metals. Cadmium 
entered solution at about pH 6.6 and iron and lead at pH 4. 

Extraction Method 

The advantages and disadvantages of shake versus column leach testing 
for solid wastes have been reviewed (Lowenbach, 1380). There are also 
arguments for and against static and dynamic type tests (also sequential 
extractions). For example, it is difficult to determine reaction kinetics with 
shake tests or relate to environmental conditions (Lowenbach, 1980). It is 
being recognized that sequential extraction with several cycles with the 
same extractant is a preferred route to obtain data that can be treated 
mathematically. 

Sequential extraction with increasingly aggressive extractants is also a 
promising tool for characterizing treated waste. Cote used a procedure 
developed for river sediments (Tessier et al, 1979) to help characterize 
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metal bonding sites in solidified waste. It was found that most of the 
contaminant metals of interest in the cemented wastes under test were in 
the relatively loosely bound exchangeable and carbonate forms. 

Wastes can be placed in static contact with the leachant and left for a 
specified period. The leachant can be changed periodically to simulate very 
low flow rates. 

Sub-surface water flows are usually at a very slow rate, hence such tests 
can be considered to simulate natural conditions. Flow (either upward or 
downward) can also be simulated in columns, under gravity or accelerated 
flow by applying pressure and/or making the waste more permeable by 
mixing with sand. With low flow rates, conditions can be "unsaturated" 
with respect to water content. This condition often occurs in the field with 
relatively permeable wastes. 

The continuous or intermittent exposure of a waste to fresh leachant 
(dynamic testing) tends to inhibit the development of chemical equilibrium 
which affects solubility and precipitation reactions. 

Data or changes in leaching rates with time can be obtained from analysis of 
sequential extracts or column "cuts". 

Leaching rates can be accelerated by increasing velocities by agitating the 
solid: extractant mix for a specified length of time in "batch" tests, 
particularly if the waste is finely comminuted. Equilibrium conditions for 
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some parameters can result, particularly those with low solubilities, and if 
high solid: extractant ratios are used for the test. 

Sequential extractions with fresh extractant can also be used in such batch 
tests to obtain additional information about the leaching process. Tests can 
also be conducted adding fresh solid sequentially to the same leachate to 
determine maximum expected concentrations. 

Surface Area 

The surface area to solution volume area is important as shown for waste 
glasses (Machiels and Pescatore, 1983). There is a wide diversity in 
opinion over the degree of comminution of a sample prior to analysis. With 
nuclear waste it has been shown that the apparent leach rate of the 
powdered form can be 100 x less than that of the monolith (Stone, 1981). 

The surface condition of a waste has a major effect on its leachability. In 
rad waste glasses, the microscopic surface roughness, porosity and micro- 
cracks have major effects (Stone, 1981). Protective films of surface gels 
and oxides can develop, slowing down the movement of contaminants. 

The geometric surface area exposed to leachant is believed to be an 
important factor. When intact specimens of solidified waste are tested, the 
formation of cracks (as discussed above) can affect leach results. This 
aspect was studied in static tests with nuclear waste glasses (Perez and 
Westsik, 1981). 
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Since some solidification processes are at least partly dependant on minimal 
contact between waste and leaching liquor through low surface area to 
volume ratios and bw permeability it is widely felt that comminution of a 
solidified sample prior to leach testing will result in unrealistic ally high, 
accelerated rates of leaching. 

There are advocates for minimal sample disturbance prior to leaching using 
static or column tests. 

There are also proponents for partial sample disintegration prior to testing, 
ideally to simulate physical processes occurring during waste handling and 
subsequent exposure to landfill conditions. Prior treatment with the 
Structural Integrity Tester before extraction in the EPA Extraction 
Procedure (EP) test (described later) is intended to simulate the action of 
equipment used in landfilling. An alternate proposal is to subject the 
sample to freeze-thaw cycles as prepared by the Alberta Environmental 
Centre. 

Wester and Phillips (1979) claimed that in the EP test with solidified waste 
the metal concentration in the leachate was a function of pH and surface 
area to volume ratios. Total dissolved solids, sulphate and sodium, how- 
ever, decreased with increase in surface area to volume ratio. It was also 
found that more copper leached from the uncrushed waste than after 
grinding (possibly because of pH) whereas the reverse applied with 
arsenic. 
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There is some merit in establishing a "worst case scenario" with respect to 
surface effects by breaking down aggregates to individual particles (or 
even finer by pulverizing) prior to leaching. 

In the EP test a compromise was made by specifying a 9.5 mm maximum 
diameter particle size. Some wastes which are not disintegrated in the 
Structural Integrity Tester are tested As-Is with some degree of disinte- 
gration occurring during the mechanical agitation in the mixing operation. 

Some vendors of patented technologies, such as lUCS and Chem-Fix, have 
advocated minimum disruption of the material through column testing (or the 
lUCS "run-off" box). At the other extreme is the test procedure for Soli- 
roc in which the pulverized waste is fluidized in an upward flow of acidified 
water leachant. As discussed elsewhere Stablex leachability , similarly, is 
tested on pulverized waste (ground to less than 100 mesh.) In the modified 
EP proposal by WTC and AEC the waste surface area is modified by the 
weathering test prior to leaching. 

Solid to Liquid Ratio 

The solid: liquid ratio is important with respect to rates of extraction, 
competitive ion effects, etc. but also to concentrations of contaminants In 
the extract. This has a bearing on tests used for regulatory purposes 
[such as the EP). 

The solid: liquid ratio may or may not be similar to expected dilutions in a 
landfill. At high solid: liquid ratios, particularly with water as extract- 
ant, the properties of the solid will govern the composition of the extracting 
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liquor and hence the leaching action. Older shake tests, such as the 
ASTM, were commonly 1:4; a 1:16 or 1:20 ratio is becoming more popular 
and is said to overcome common ion effects. High ratios, however, occur 
most commonly in nature and hence have merit in leaching tests (Young 
and Wilson, 1982). 

The effect of high ratios can be obtained by sequential extraction with the 
same (rather than fresh) leachate and through the early cuts in column 

tests. 

Redox State 

The effect of the redox state on the ferrous/ferric ratio and accompanying 
solubilization/precipitation and co-precipitation can play a major role in 
the concentration of contaminants measured in a leachate. Chromium VI is 
more toxic than Cr III and its measured concentration can be affected by 
test conditions with respect to exclusion or otherwise of air. 

The leaching of uranium and rad wastes is also affected by the redox of the 
leaching system. For example, actinides such a uranium, neptunium and 
Plutonium are highly leachable under oxidizing conditions (Stone, 1981). 
Uraninite (UO2) is extremely insoluble in a very reducing environment 
(Ograd et al, 1980). It was calculated that the concentration of uranium in 
equilibrium in uraninite at pH 7 in water free of dissolved oxygen (such as 
in deep geologic burial) is about 10~11m. Cesiuml37 and strontiumSO 
behave similarly to uranium under reducing conditions. The stability of 
complexes, such as the chelates of cobalt and zinc can also be affected 
under reducing conditions (Czyscinski and Kinsley 1982). 
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Shake Tests 

The Extraction Procedure (EPJ test is currently widely used for regula- 
tory purposes. Its application and that of previously used shake tests in 
determining the leachability of Stablex is discussed below. 

The EP Test 



The US Environmental Protection Agency (EPA) moved towards standardi- 
zation of the leach procedure with the introduction of the Extraction 
Procedure (EP) test as one of the regulatory tools to define "hazardous" 
waste in conjunction with RCRA. There has been much criticism of the test 
(Darcel, 1981; 1982). More recently, however, the test appears to be 
gaining acceptance. Larson and Malone (1982) compared EP leach data 
using acetic acid with leachate concentrations from test cells and found the 
EP to a useful indicator. Similarly in England, as discussed earlier, an 
acetic acid extraction test was considered to be acceptable for assessing the 
suitability of a waste for co-disposal (Young and Wilson, 1982). 

The EP test was designed principally to quantify the production of specified 
contaminants under standard conditions using acetic acid (for co-disposal) 
with municipal refuse or water (for mono-fill) as extractants. There is also 
some element of assessing structural properties of the waste through a 
Structural Integrity Procedure preceding the extraction steps. A double 
bladed agitator system or tumbler arrangement were specified for mixing, 
other methods were acceptable providing mixing was adequate. 

The EPA specifies maximum concentrations of specified pollutants in the 
leachate from the EP test, after a final dilution of 1:20 solid to liquid ratio. 
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These criteria are 100 X the maxima of the National Interim Drinking Water 
Standards for As, Ba, Cd , Cr (hexavent) , Pb, Hg , Se and Ag, cyanide 
and some pesticides. 

The procedure specifies filtration of the leachate through a 0.45 uM filter 
prior to analysis. A similar filtration step is used to initially separate 
liquid from solid. 

Currently, the test is being widely used in the US by waste generators 
applying to the EPA for de-listing (as indicated by frequent notes in the 
U.S. Federal Registers). 

The inadequacies of the test for predicting field performance are well 
recognized however, as discussed earlier, and the EPA is investigating 
alternatives. 

A slightly modified version of this test, (the LEP), requiring tumbler mix- 
ing is proposed for MOE Regulation 309 to define hazardous wastes and 
those that can be used for backfill. Acetic acid and water (as in the EP 
tests) are used as the extractants , respectively for the two classes of 
waste. Tumbler agitation is specified for the test to help improve repro- 
ductibility. 

It is intended to use the LEP for solidified/stabiUzed wastes as well as 
untreated solid waste using the same criteria for acceptability. It is 
recognized, however, the LEP (as the the EP) may not adequately predict 
long term performance. 
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Laboratory Extraction Tests with Stablex 

Some of the earlier work using simple shake tests was on Stablex solidi- 
fied waste. McClelland et al (1980) described tests conducted for Stablex 

I 

by the National Sanitation Foundation on stabilized automotive wastes. The 
Equilibrium Leaching Test (Taub and Roberts, 1978) and a proposed ASTM 
test (ASTM, 197B), both using carbon dioxide saturated water, were 

evaluated. 

The Mational Sanitation Foundation (1979) evaluated the potential leacha- 
bihty of nickel, chromium and copper from automotive Stablex-solidified 
plating wastes and a zinc phosphate peunt priming waste. An equilibrium 
leach test (ELT), developed by Taub (1978) and an ASTM proposed method 
(D 19:12, Method A) were used to assess leachability. Results compared 
favourably for the two tests in spite of significant difference in test 
procedure. 

In a more recent test used for Stablex, the waste was stirred with water at 
1:10 waste: extractant ratio at pH 5.5 for one hour and then filtered, 
followed by additional similar leach cycles (Schofield, 1980). 

Prior to operations in the U.S., the Stablex Corporation applied for and 
received a temporary exclusion from listing for their slurry and solidified 
product for specified types of waste based on the results of bench scale 
leach testing using a modified version of the HP (acetic acid followed by 
acidified water extractions). This was to be followed by a two year period 
of test cell evaluation (US EPA, 1982). As an alternative, EPA agreed to 
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judge suitability for de-listing based on the results of monitoring existing 
piles of Stablex - treated waste in England, as discussed earlier. 

In the testing of Stablex stabilized waste, US EPA also specified nickel in 
HP extract (US EPA, 1982). EPA set a standard of 3U X the National 
Interim Drinking Water Standard for EP metals and 20 mg/L for nickel. 
They also specified that, following the extraction with acetic acid, the 
Stablex product should be extracted sequentially (nine extractions) with 
simulated acid rain. This was stated to indicate the effect of 1000 years of 
leaching with acid precipitation. Although the EP test specifies that the 
material to be extracted should pass through a 9 ,5mm sieve the Stablex 
Corporation has conducted their tests with pulverized material (which would 
normally be expected to be more aggressive unless the increase in pH has 
an over-riding effect). 

Other Single Cycle Shake Tests 

One cycle leach tests, such as the EP and the ASTM, have value as 
standardized tests although shortcomings are recognized. There is still 
active research in this area. 

Johnson et al, (1980) suggested a modification of the Elutriate Test used 
for sediments. Material passing a #10 sieve was mixed with C02-saturated 
water (lOOg/lL) and shaken for 24 hours. 

Garrett et al, (1982) attempted to correlate field and laboratory leachate 
data for various organic contaminants and arsenic. An "instantaneous leach- 
ate" test was proposed in which lOOg of waste is tumbled with 2L of water 



- 61 - 



(1:20) for 1 minute [to remove interstitial liquid). Leach data was also 
generated from 24 hour extraction at 1:20 ratio. It was concluded that 1:10 
ratio would be more suitable and mixing the waste with local soil should be 
evaluated. Later Garrett and his co-workers introduced the SWLP serial 
leach test described later. 

The concept of mixing the waste with soil from the local area prior to 
leaching in a monofill situation to improve the agreement between laboratory 
and field is of interest; unfortunately, it does not lend itself to standardi- 
zation. 

Sequential Tests 

It is becoming increasingly evident that one cycle extraction tests do not 
adequately characterize the leaching behaviour of a stabilized waste. More 
information can be gained from repetitive extractions. Agitation of the 
sample and extractant in such a test accelerates the test. 

Anderson at al, (1980) compared the SLT, lUCS and Minnesota leach tests. 
From three to five elutions were required, with the larger number if the pH 
did not return to baseline. Different types of release curves were obtain- 
ed; asymptotic for parameters such as Ca, Mg and conductivity and 
exponential for silica. Release increased to a maximum for Cu and Zn and 
then declined with increasing pH, 

It was recognized soon after the introduction of the EP test that it was 
ineffective for extracting organics from solid wastes (Epler et al, 1980). 
Christensen and Wakamiya (1980) suggested a sequential extraction test 
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with water for kepones in sediment and epoxy and sulphur stabilized 
groups. In the test, 25 mL of sediment was shaken with 500 mL of water 
adjusted to pH 4.5. 

Johnson et al, (1980) described a "slow shake" test for solidified waste. A 
lOOg slice is cut from a 7.5cm diam x 20cm cylinder and shaken with CO2 
saturated water in 10:1 liquid solid ratio on an oscillating shaker set for 60 
one inch strokes per hour. The water is changed every 48 hours. Effec- 
tive diffusion coefficients could be calculated. 

The Waste Research Unit (WRU) of the Harwell Laboratory in the United 
Kingdom use a repetitive batchwise shaking test with a relatively high solid 
to liquid ratio based on bed volume (Young and Wilson, 1982; Wilson and 
Young, 1983). The waste sample is shaken with one bed volume of 
extractant (water or 5000 mg/L acetic acid) for a period determined from a 
preliminary equilibrium test. It was found that the results agreed more 
closely with those from column tests than for traditional shake tests with 
higher liquid: solid ratios (10:1 or 4,1). It was also possible to distinguish 
patterns of leaching behaviour. The procedure is currently being used to 
assess leachability of a cement-stabilized waste (Young, 1984). 

In other tests (Bromley et al, 1983) a 1:1 solid to liquid ratio was used to 
provide an improved correlation with field behaviour. 

Of interest is the test cited earlier (US EPA, 1982a) in which Stablex waste 
was subjected to successive extractions with acidified water. 
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Garrett et al, (1983) described a Solid Waste Leaching Procedure (SWLP) 
which involved batch wise sequential extraction of lOOg of a waste with four 
1 litre aliquots of distilled water. Results were compared with an accelera- 
ted leach column test (Jackson et al, 19H4). The column method was 
thought to be "conceptually more realistic" than the batch test. 

Radwaste Tests 

Leach test technology for radwaste glasses has application for solidified 
industrial wastes. Similarities are low permeabilities and low velocities of 
leachants flow; the properties of the waste are therefore dominant over 
these of the initial leachant in controlling leach rates. Static tests have 
particular application for wastes under these conditions. 

Equilibrium conditions can be reached, providing a static test is of 
sufficient duration. An important consideration is that dissolved ions can 
be adsorbed on surfaces such as glass, polyethylene or Teflon (Kingston 
and Lutz, 1982). It was found that for the MCC-1 test, described below, 
nitric acid, equivalent to 1 per cent (pH<1.5), was required to resolubilize 
Cs, Sr., Ba, Sb, Nd and Zn. 

It can be important to determine the fraction of the waste lost per year (as 
a weight measurement). This is usually practiced for nuclear wastes 
glasses (Barkatt et al, 1981, 19a3). The rate of dissolution is that for the 
total structure (Si or Al). 

Five tests have been proposed by the Nuclear Waste Materials Characteri- 
zation Centre for leach testing radwastes [Strachan et al, 1980). 
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MCC-1 Static Low Temperature Test 

MCC-2 Static High Temperature Test 

MCC-3 Solubility Test 

MCC-4 Low Flow Test 

MCC-5 Soxhlet Test 



MCC-1, MGC-2 and MCC-3 are static tests. In MCC-1, approximately 400 
mm^ in surface area, of a monolithic sample is immersed in 4 x 10^ mm3 of 
one of three standard leachants (distilled or deionized water, 80% saturated 
brine or an abbreviated tuff silicate groundwater). The test is continued 
for 28 days at 90°C. 

MCC-2 is essentially similar with the same surface area to volume (SA/V) 
ratio of 1 X 10~2 mm~l but is conducted at 150° C in an autoclave. 

MCC-3 is designed to determine maximum solubility on powdered (<325 
mesh) samples. The material is reacted with a volume of leachant 10 x the 
sample mass at 250*'C for 14 days with occasional stirring* 

MCC-4 and MCC-5 are dynamic tests and are discussed later. 

Dow have used an International Atomic Energy Agency (IAEA) test in which 
the sample is immersed in water for one week (Filter, 1980). 

Static tests have been used for calcined radio-active waste in borosilicate 
glasses and ceramics ground or in cylindrical form (Schuman, 1981). Most 
static tests with nuclear wastes are typically 28 days Eilthough some have 
been up to 240 days. Tests were conducted at temperatures ranging from 
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25°C to 350'*C, autoclaving being used to elevate temperatures and acceler- 
ate testing rates. Leachate was analyzed for Cs, Mo and Na. 

Dulin (1980) described a static test with Sinterna pelletized and high 
temperature sintered sodium sulphite /sulphate and fly ash/bottom ash. One 
to three grams of the processed waste were placed in beakers with 100 mL 
water and aliquots of extract analyzed for sodium (as an indicator) at 
intervals from 1 to 1000 hours. 

In their equilibrium leaching test WTC mix samples of finely ground solidi- 
fied waste with distilled water using a minimum liquid to solid ratio. The 
liquid/solid contact is maintained until equilibrium is attained. 

Static tests can be used to help determine the saturated boundary 
condition, using distilled water or buffered leachant (to simulate ground- 
water). This type of test is used for treated radioactive waste (Mendel, 
1982) . Since it may take a prolonged period to reach equilibrium at room 
temperature, the test can be accelerated by operating at an elevated 
temperature (such as by autoclave). 

Low and high temperature static leach test results can be affected by 
potential solution saturation (Coles, 1981), particularly in unbuffered media 
CBarkatt et al, 1981). Leached contaminants accumulating in the static 
solution can result in a reduced chemical potential difference, thereby 
reducing leach rates. Localized high concentrations of dissolved silica can 
affect results [Coles, 1981; Barkatt et al, 1981). 
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Initial surface structure may also have an exaggerated effect. Barkatt et 
al (1981) concluded that static tests with radwastes, especially if unbuf- 
fered without changes of leachant and for one period only, can lead to 
serious underestimates of the maximum risk long-term corrosion rate. 
Errors were attributed to transient effects of layer formation, surface 
irregularities, etc., incomplete representation of the effects of the pH 
excursion, and to rising concentrations of silica in the leachate. There was 
an advantage in using constant-medium tests with low surface to volume 
ratios and buffered media to control pH and Si02 accumulation. Flow tests 
under carefully controlled conditions were preferred. 

In other tests for rad waste, such as the IAEA and ISO tests, there is 
periodic replacement of the leach liquor (Stone, 1981). 

In the International Atomic Energy Agency (IAEA) test, as described by 
Mendel (1982), a cylindrical shaped portion of waste is contacted with 
either demineralized water or disposal environment water at 25+5°C for a 
proscribed period of time without agitation (as for a static test). The leach- 
ant is changed at a standard frequency (dynamic test). A limit is set on 
the ratio of leachant volume to exposed sample surface. In addition to the 
more traditional measurements of concentrations in leachate, specimen 
weight loss and surface analysis by electron spectroscopy are also found 
most useful. 

A single-pass continuous - flow leach test (SPCF) has been used success- 
fully with nuclear wastes to evaluate the leaching effect of groundwater 
(Coles, 1981). Flow rates could be varied from 1.8 to 180 m/yr and 
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temperatures could be changed to simulate groundwater conditions. Tests 
were run for up to 420 days. 

In a similar procedure used at WTC, 2 -inch cube samples are leached on a 
leachant renewal frequency (Cote and Hamilton [1983); Cote and Isabel, 
1983). Usually there are seven cycles with tests for leachability of heavy 
metals usually requiring ten days of elapsed times. 

A dynamic test using Soxhlet extraction can be used to overcome the 
potential saturation problem of a static test but has limitations (as discussed 
below); a single pass continuous flow leach tests (SPCF), using a peristal- 
tic pump, was preferred (Coles, 1981). 

Soxhlet Extraction 

Soxhlet extraction is a convenient laboratory procedure for the continuous 
perfusion of a sample by freshly distilled and recycled solvent (usually 
organic). Water can also be used. 

Soxhlet extraction has some limitations. It can only be used with distilled 
water at 100°C (unless modified) and can have surface effects, such as the 
flake-off of hydrated silica from glass samples (Coles, 1981). Pope and 
Harrison (1980, 1983) described the application of the test with Pyrex 
equipment. 

Soxhlet extraction with distilled water within a constant temperature 
chamber has been used for radioactive waste but was not felt to be 
sufficiently realistic (Mendel, 1982). 
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The Nuclear Waste Materials Characterization Center proposed the MCC-5 

Soxhlet test to assess leach rates under conditions of infinite dilution 

[Strachan et al, 1980). A monolithic sample in an all-Teflon apparatus is 
used. 

Soxhlet extraction was preferred to static tests for nuclear wastes (Coles, 
1981). 

A modified Soxhlet extraction procedure is being considered by WTC . The 
U.S. Environmental Protection Agency is also actively evaluating the appli- 
cation of the procedure in conjunction with the EP test. 

Equilibrium Leach Tests 

It is useful to know the concentration in solution at equilibrium. These 
values can be obtained for unstirred static tests of long duration. The 
results may be subject to surface layer effects which can modify or retard 
the attainment of the equilibrium condition. More rapid results can be 
obtained using finely pulverized material in a stirred vessel. 

In the Equilibrium Leaching Test described by McClelland et al (1980) 
ground cured waste is contacted with C02-saturated water (pH 4.5) in 1:10 
ratio at 25°C for 1,7,14 and 28 days, mixing for one hour each day. 

Falcone et al, (1983) at PQ Corporation used a reciprocating shaker at 80 
cyles/min and 1:6 sludge; extractant ratio to evaluate gelled silicate and 
cement and cement/silicate stabilized plating waste. Samples were removed 
for analysis at intervals from 24 to 720 hours. 
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An Equilibrium test was proposed for the WTC/AEC test protocol. 

Column Tests 

Column tests have application for solidified industrial wastes and radwaste 
glasses. Water movement in column tests has usually been by downward 
flow. Upward flow is currently becoming more widely practiced (Maskarinec 
and Brown, 1982), principally because of the relative ease of displacing air 
and thereby maintaining a saturated condition. ASTM is currently evalua- 
ting a proposed column procedure using fly ash. Problems were envisaged 
with wastes of low permeability which could necessitate the use of a high 
pressure positive displacement pump (Thacker, Pfost et al, (1983). 

A standardized column test is used for testing Chem-fix treated waste 
(Salas, 1980). One hundred grams of waste is placed in 40 mm by 600 mm 
chromatography columns and percolated at a rate of Icm^/min with water. 
Eight fractions of 100 mL are collected for analysis, representing the 
effect of 25 inches (63.5 cm) of water passing through the waste. 

A similar test procedure was used by Darcel (1982). Extraction with three 
"cuts" of distilled water, or distilled water saturated with carbon dioxide, 
was followed by O.IN acetic acid. Extraction was normally conducted using 
"unsaturated" flow. "Saturated" flow was used by Falcone et al, (1983) and 
others. 

The Environmental Laboratory of the U.S. Army Engineers (1982) used a 
column leach method to evaluate five solidified /stabilized wastes. The 
wastes were leached continuously under saturated flow condition with CO2- 
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saturated distilled water for one to two years at a rate of lO-Scm/sec, in 
10.2 cm diameter Plexiglas columns. Polypropylene pellets were used to 
pack the space between the molded specimens of solidified sludge and the 
column wall to create a dispersed flow situation simulating field conditions. 
The same method was used to evaluate WS/S FGD sludges (USEFA, 1981c). 
Leachate fractions were analyzed on a logarithmic schedule. Tests were run 
in triplicate and there was excellent repeatability for a given waste. 
Unfortunately, the results could not be interpolated to a different waste 
mixture, indicating that complete leaching tests would be required for each 
waste. 

Young and Wilson (1982) used 15 cm diameter columns packed with layers of 
hazardous waste and pulverized domestic refuse to validate small scale 
tests. The columns were irrigated with water at a natural rainfall rate over 
a four year period. There was generally good agreement with high solid: 
liquid ratio shake tests. The shake tests tended to underestimate leaching 
compared with the column. Agreement was much better following modifi- 
cations of the shake procedure. 

The PQ Corporation used 2.54 cm diameter Pyrex glass tubing for leaching 
lOOg samples of silicate, cement and cement/silicate stabilized plating bath 
waste (Falcone et al, 19b3) . The samples were leached with 5% acetic acid 
adjusted to pH 5.5 with O.IM NaOH and citric acid buffered to pH 5.5. A 
100 mL head of extractant was maintained above the waste. Tests were 
continued for about 60 days collecting between 225 and 267 mL of leachate. 
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Columns were used by Apel (1983) to investigate leaching from pyritic mine 
waste and remedial treatment (lime, sewagfe sludge and fertilizer under 
cover soil). The PVG columns used were 0.30 m diameter and from 2.1 m to 
3.4 m high. Samples were leached with distilled water. 

Column tests are conducted (on demand) on Chem-Technic solidified wastes 
(Conner, 1983), A downflow leaching test with DI water at 1 mL/min is run 
continuously for the equivalent of 220 cm of rainfall. The test also uses 
acid, alkali or other leachants. Chem-Technic also use an Anaerobic Sani- 
tary Landfill Co-disposal Test with nitrogen-purged DI water passing 
through alternate layers of solidified waste and milled domestic refuse. 

In a comparison of column and batch (shake) leaching of silicate/cement 
stabilized plating waste (Falcone 1983) it was found that the total amount of 
zinc and chromium leached was two to three orders of magnitude higher by 
the batch tests. This difference was attributed to more intimate contact 
between liquid and solid in the batch tests, the addition of more nitric acid 
to maintain the pH at 5,5 (in the batch tests) and the possibility of micro- 
chanelling in the column tests, 

EPA investigators compared column (upward flow) and the distilled water EP 
test for the extraction of organics (Maskarinec and Brown, 1982; Brown, 
Maskarinec et al, 1983). More total chromatographable organics (TCO) 
were extracted by the column method. This was attributed to greater 
recovery of volatile and non-polar compounds. Absence of filtering in the 
column method may also have contributed to the higher yields. 
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In the Nuclear Waste Materials Characterization Centre MCC-4 low flow test, 
leachant is pumped around a monolithic sample in the same container as used 
for the MCC-1 static test (described earlier) at rates 0.1, 0.01 and 0.001 
mL/min (Strachan et al, 1980). Time and temperature (28 days and 90°C) 
are similar as for the MCC-1 test. Initially, ion exchange and corrosion 
mechanism were dominant; after 10 days corrosion was dominant. 

An advantage claimed for flow tests for radwaste compared with static 
(stagnant) tests is that the dependence of corrosion rate on dilution para- 
meters (rate of flow and surface to volume ratio) can be followed (Barkett 
et al, 1981). 

At the low flow rates of subsurface water under repository conditions it was 
considered more practical to remove and replace a fraction of the leachant 
[decarbonated deionized water) at constant intervals by syringe through a 
septum at the top of the column of powdered glass. 

TOTAL CHEMICAL ANALYSIS 

In addition to determining rate of leaching, it is often useful to know the 
total quantity of potential contaminants present in a mass of waste. With 
some parameters, it is cheaper and faster to determine total concentrations. 
A ' waste could be declared "non-hazardous" on the strength of its total 
content of contaminants, thereby rendering leach testing unnecessary. 

With some organics there is more uncertainty to date as to the best method 
for leaching compared with inorganics, hence argument can be made for 
total analysis. 
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Some common wet analytical methods for inorganics do not give true "total" 
analysis, for example digestion and extraction with hot acids (e.g. HN03_ 
HC1,H2S04) do not result in complete dissolution of samples with a silicate 
matrix and some crystalline forms of very low solubility, e.g. some 
chromium compounds. These acids, however, can be expected to bring into 
solution for analysis that fraction of total metal content with any potential 
environmental effect. Hydrofluoric acid (HF) is required to complement the 
action of the other mineral acids by dissolving silicates. Alternatively, 
basic fusion procedures can be used although there can be problems with 
the high salt loading interfering with the subsequent analytical finish. 

Some non-destructive procedures are available for true total analysis, such 
as Neutron Activation Analysis (NAA) and X-ray Fluorescence (XRF). With 
both systems there are Limitations for some parameters. 

In the U.S., in connection with applications of generators to "de-list" 
wastes from the hazardous category of EPA, it is usual to provide results 
for total concentrations of the specified metals in addition to EP concentra- 
tions (U.S. EPA, 1982a). With the MOE, it has been usual to conduct hot 
HCI/HNO3 extractions of a waste followed by analysis by Emission Spectro- 
metry - Inductively Coupled Argon Plasma (ES-ICAP) or Atomic Absorption 
Spectrometry (AAS). Direct Current Plasma (DCP) systems can also be 
used. 

Inorganic Species Identification 

As discussed earUer, the leachability of a waste is dependent on a wide 
range of physico-chemical properties of the solid matrix. Characterization 
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of such properties can be helpful in assisting in the interpretation of leach 
data and several analytical tools are available. 

X-Ray Diffraction (XRD) has been widely used for identifying crystalline 
species and their degree of crystallinity ; unfortunately, the system is less 
useful when much of the matrix is essentially amorphous, as is often the 
case. XRD and EDA were found useful for the characterization of Fe-Ni 
spinel glass [Pope and Harrison, 1980). 

Fourier Transform Infra-red (FT-IR) has application for inorganic species 
identification. The procedure was made for the analysis of fly ash from 
municipal incinerators (Henry, Barbour et al, 1983). The method was 
superior to XRD for fly ash, because of the low concentrations of crystal- 
line materials giving weak X-ray diffraction intensities. XRD, however, 
provided better information on inorganic chloride and oxides; hence XRD 
and FT-IR complement each other. 

Electron Paramagnetic Resonance spectroscopy (EPR) is useful for 
determining substitutional sites in the lattice. 

Leaching rates can be very dependent on surface layers, hence surface and 
near-surface layer characterization can be important (McVay and Pederson, 
1980). The ESCA system with ion milling, determining which elements are 
accumulating or are being depleted, the degree of congruent dissolution and 
density effects, is proving successful in the interpretation of leaching 
mechanisms. The Auger, SIMS, and Rutherford Backscattering (RBS) also 
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have application. Environmental applications of surface analysis techniques 
were reviewed by Linton et al (1983). 

Nuclear Microprobe Analysis (NMA) and electron micrography have wide use 
in characterizing wastes. 

Inter-relations with water can be studied with RBS or NMA. Useful infor- 
mation can also be obtained by surface analysis following removal of gels by 
hyro fluoric acid. 

PHYSICAL TESTS 

The physical properties of a solidified waste are important with respect to 
permeability and shrinkage and, where the material is placed at or close 
to surface, to durability to atmospheric conditions. Mechanical strength 
and resistance to impact can also be important with respect to earth-moving 
machinery or construction needs. 

A wide range of tests can be used to test physical and engineering proper- 
ties, most of which can be standard ASTM methods. Some of the tests used 
for concrete, such as the freeze-thaw test, can have application. 

The Atterburg limits (upper and lower plastic limits) besides being useful 
indicators of the workable mositure content range of the material can be 
related to the surface area of a soil or soil-like mass (Hammel et al, 1983). 
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Where wastes are contained in jackets, such as fibre glass reinforced high 
density polyethylene (HPDE), tests for puncturability could be required 
(Lubowitz and Voiles, 1980). 

Measurements of micro-structure can also be useful in characterizing a WS/S 
waste. Overall porosity can be measured relatively easily from bulk and 
dry weight densities. Surface area calculations are relevant to the inter- 
pretation of physico-chemical process. Techniques, such as the use of 
ethylene glycol raonoethylether in surface measurements of soils (Carter et 
al. 1965; Ratner-Zohar et al, 1983), could have application. 

Durability 

A stabilized waste should be durable to chemical, micro-biological and 
physical stresses. Only physical durability is discussed in this section. 
Chemical durability (essentially leachability) is discussed elsewhere. 
Physical and chemical durability are, however, inter-related; if a solidified 
waste disintegrates there is an increase in surface area exposed to leaching 
and hence, usually, an increase in leaching rate. It has been mentioned 
earlier that some organic fixatives may be subject to micro-biological 
attack. 

Physical stresses on a waste wiU depend on its environmental exposure. 
Very different conditions will occur with deep disposal of a radwaste 
compared with above or near sub-surface disposal of an industrial waste. 
With deep disposal temperature and moisture changes will be more uniform 
and the mechanical impact of earth-moving equipment wiU probably not be a 
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consideration. The effect of high pressure could be significant (hence 
compression tests). 

Very long term durability is of course an important consideration with 
nuclear wastes (Barkatt et al, 1981, 1983; Macedo et al, 1982). Chemical 
dissolution of the total structure {Si or Al based matrix) of glasses, which 
have relatively high mechanical strength, is the primary factor. Micro- 
cracks, however, can be a problem such as in synthetic basalt. Other 
mechanisms leading to disintegration of the solidified mass are important in 
WS/S technology. 

Durability, to physical stresses entails resistance to wet/dry and freeze/ 
thaw cycles. Some cement based products are very susceptible to freeze/ 
thaw. Materials with a high proportion of expanding type clay can shrink, 
crack and ultimately disintegrate with wet/dry cycles. 

Measurements of laterally unconfined compression provide an indication of 
the ability of a solidified waste to maintain its physical integrity under 
disposal conditions, such as the effects of machinery, overburden pres- 
sure, freeze and thaw, and wet and dry cycles. The test can also be used 
to follow changes during the curing process. 

Bartos and Palermo C1977) measured unconfined compression (DCS) using 
ASTM method D2166-66. Weeter and Phillips (1979) also measured UCS on 
solidified wastes; after curing for 21 days values ranged from 80 to 22000 
lb /in 2. 
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WTC use a Hoskin Scientific DCS tester. Deformation of a proving ring is 
used for the measurement of lower compressive strength (ATSM C109-8U 
procedure) . 

Other testing instruments can be used. For example, a compression test 
with an Instron cross-head speed of 0.05 in/mln was used by Dow for 
radwastes CFilter, 1980). Splitting tensile strength (ASTM method 496-71) 
and diamond pyramid micro-hardness measurements can be useful, as with 
synthetic basalt. 

Simple inexpensive field equipment can be effective, such as the penetr- 
ometer. It was used to test the relative effectiveness of silicate/cement 
binders by Falcone et al, (1983) and by Emery (1983) for solidified steel- 
making waste in Hamilton. 

Structural Integrity 

Bartos and Palermo (1977) describe the use of a 15 - blow impact test with 
a 5.5 lb weight dropped 12 inches to determine the optimum moisture 
content for field compaction. Standard Proctor and Modified Proctor tests 
were also used. MacLaren Engineers (1983) found that Proctor measure- 
ments at 95 percent maximum dry density to be most meaningful in soil- 
cement stabilization. 

A modification of ASTM D997-50-71 drop test was used for TRW encapsu- 
lated waste (Lubowitz and Wiles, 1980), A specimen was dropped on a steel 
plate 50 times from 6 feet (1.83m) followed by 15 drops from 10 feet 
(3.05m) and 30 feet (9.14m). 
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Dow (Filter, 1980) used an impact test with a one inch diameter 3 lb. steel 
rod dropped 40 inches. The solidified waste must not break, crumble or 
shatter. 

Measurement of California Bearing Ratio and Expansion Ratio were 
considered important for Velsicol stabilized waste and in tests with FGD 
wastes (Stevens, 1980). 

The structural integrity test has been used to simulate the action of inter- 
mediate size tracked earth-moving machinery applying approximately 100 
psi static pressure (Weeter and PhlUips, 1979). It was suggested that the 
impact of a .73 lb hammer sirailulated the fracture geometry in a worst case 
situation in a sanitary landfill. The effect was said to be somewhat similiar 
to that of the determination of Young's Modulus. 

The U.S. Environmental Protection Agency and MOE have standardized with 
the Structural Integrity Tester to precede the EP leach test. This device 
has a 0.33 kg (0.73 lb) hammer of 3.18 cm (1.25 in.) diameter and a free 
fall of 15.24 cm (6 in). The hammer is allowed to drop 15 times. 

Water Content And Bulk Density 

Measurement of water content (60°C) and bulk density can provide some 
indication of porosity and degree and degree of compaction, respectively, 
of a waste. Solids specific gravity measurements are required to permit the 
calculation of matrix porosity in conjunction with the values for water 
content and bulk density (WTC/AEC, 1983). 
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The relatively low drying temperature is used to minimize loss of water of 
hydration. 

Permeability 

It is well recognized that the lower the permeability of a waste the less 
water wiU pass through it, thereby diminishing the potential for leachate 
production. As an example, Stablex solidified product can have permeabi- 
lities an order of magnitude lower than clay or concrete (Grenier, 1983). 
Permeabilities of the order of 10-7 cm/sec can usually be obtained for WS/S 
wastes. 

Bartos and Palermo (1977) described the measurement of permeability by 
the falling head method in a triaxial chamber. WTC, similarly, use a 
Hoskin Scientific triaxial tester for the measurement of permeability. 
Cylindrical samples are encased in a pressurized rubber membrane and 
de-aerated water is used for saturating samples prior to the test (maximum 
permeability test). 

Wet-Dry Cycling 

Irregular cycles of wetting and drying occur in nature. In most situations, 
unless a waste is below an impermeable cover and not contacted with 
groundwater, these cycles can result in physical disintegration. This can 
occur in cementitious WS/S processes such as for wastes mixed with clay, 
have an inadequate cement content or have been subjected to conditions 
adverse to the setting of cement. 
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Bartos and Palermo [1977) used 12 cycles of 5 hours under water, followed 
by 42 "hours over-drying, followed by 2 strokes with a wire brush (ASTM 
D559-57), 

Similar tests have been used by WTC, eliminating the wire brush treat- 
ment. 

Temperature CyclinE 

Some solidified wastes are sensitive to freeze-thaw stress. The magnitude 
of this stress varies partly with the degree of thermal insulation provided 
by an earth cover, depth of burial, etc. and climate (hence location). 
Some measure of freeze-thaw resistance can, therefore, be a required test, 
particularly in northern areas. 

A temperature cycling test ranging from -20°F to 140**? is used by Dow for 
radwaste (F. Peter, 1980). Bartos and Palermo (1977) and Thompson and 
Malone (1980) used 12 cycles of freezing for 24 hours, followed by 23 hours 
of thawing and finally, wire brushing (ASTM D560-57). 

Lubowitz and Wiles (1980) in testing waste encapsulated by the TRW system 
described a thermal cycling test (modified ASTM C666-71) varying the 
temperature from -10°C to 100°C in 15 minute cycles (16 cycles per day 
plus overnight in a freezer with a total of 75 half-cycle temperature 
changes) . 

The AEC (Alberta) is proposing to conduct freeze-thaw tests in the joint 
WTC/AEC test protocol. 
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TEST PROTOCOLS 

It is evident the several laboratory tests are required to assess the 
chemical and physical stability of a solidified waste. Testing should 
include leachability and some physical properties. In the characterization 
of a waste total chemical and crystallographic analyses can also be useful. 

Test protocols have been established in some studies. Some examples are 
described below. 

U.S. Environmental Protection Agency 

Several physical tests have been used to assess solidified /stabilized 
wastes. Bartos and Palermo (1977) and Thompson and Malone (1980) 
describe the use of U.S. Corps of Engineers and ASTM Tests for industrial 
wastes, such as solidified flue gas desulphurization waste. The tests 
included a 15 blow compaction test, specific gravity, 60''C moisture loss, 
unconfined compression, grain size distribution and Atterburg limits. 
Tests also included permeability and durability to freeze-thaw and wet-dry 
cycles. A similar test protocol, plus specific gravity of solids, water 
content, bulk and dry unit weight, porosity and void ratio were used by 
the Environmental Laboratory (1982) for USEPA. Column leach tests with 
C02-saturated water were used to assess chemical stability. 

WTC/AEC 

AT WTC, Burlington, measurements to determine physical properties are 
made of water content, bulk density and solids specific gravity. Environ- 
mental stability is assessed through measurements of unconfined compres-' 
sion strength, permeability and weathering properties, in addition to 
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chemical equilibrium, dynamic and low pH (EP) leach tests (Cote, 19B3a; 
Cote, Bridle and Hamilton, 1983). A protocol proposed by the American 
Nuclear Society (Neilson, 1979; ANS, 1981) was followed, with a modified 
leachant renewal schedule, plus static tests. 

A similar test protocol was proposed tentatively for the joint WTC/AEC 
study (WTC/AEC, 1983). 

MacLaren Engineers 

Standard Proctor compaction tests, permeability (usually constant head) and 
compressibility were used for testing soil-cement-bentonite mixes for the 
containment of PCBs (MacLaren Engineers, 1983). 

Chem-Technics 

Chem-Technics Inc. normally conduct the following tests (Conner, 

1983). 

- USEPA EP Toxicity Test (normally without the Structural Integrity 
Procedure). 

- USEPA multiple Extraction Procedure (MEP). 

- US Army Corps of Engineers falling head permeability test (triaxial) 

- Unconfined compression test-Soiltest Penetrometer Model CL 700 

- Water resistance tests (from 60 days to 2 years). 



- 84 - 



- Column and shake extraction tests (on demand). 

TRW Systems 

A series of exhaustive chemical leach and physical tests is used by TRW 
Systems for encapsulated waste (Lubowitz and Wiles, 1980). In static leach 
tests sample blocks are exposed to the following reagents for 120 days. 



10% ammonunium sulphide 

1.5N HCl 

O.IN citric acid 

1.25N NaOH 

O.IN NH4OH 

10% dioxane 



Freeze/thaw and impact resistance tests are also conducted. 
Radian Corporation 

Eklund and Holcombe (1984) assessed stabilization effectiveness by the 
following tests on wood treatment and FGD sludges: 

Structural stability - unconfined compressive strength 
Leachate quantity - permeability coefficient 

Leachate quality - ASTM Water Extraction 

- mg/L cresol from wood treatment sludge 
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- EP test 

- Cr, B and Ca from FGD sludge 
Air emissions - laboratory isolation flux chamber 

- steady state total hydrocarbons (ppmv as propane) from 
wood treatment sludge 

- steady state total hydrocarbons and SO2 from FGD 
sludge 

Natural Liner Studies 

With some WS/S processes (particularly for lov? cost systems) some leachate 
can be expected. Hence, in some instances, it could be important to test 
natural or imported materials inter-mixed with the waste or forming indivi- 
dual cell or landfill liners. 

Tests such as those used for mine tailings by Hansen et al (1982) would be 
useful. Various ASTM tests were used to measure geotechnlcal properties, 
e.g. Atterberg limits, specific gravity, grain size distribution and 
moisture density relationship (5.5 lb rammer, 12 inch drop). Geochemical 
tests included cation exchange capacity using sodium acetate and ammonium 
acetate and the measurement of calcium carbonate content. Metals concen- 
trations were determined following HNOg/f^Cl digestion. 

TEST CELLS 

Small scale laboratory tests have value in providing a quick assessment of 
relative leachabilities of different wastes under the same conditions of 
extraction. Tests are continually being refined to improve correlation with 
field experience and to improve the predictability of long term leaching. 
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There is still a need, however, for larger scale laboratory and field tests to 
validate small scale tests on representative WS/S wastes in mono-fill and 
co-disposal situations. The term "lysimeter" is used loosely in the litera- 
ture (and in this review) to describe large columns and field test cells. 

Larger scale testing may be necessary where test materials, such as 
municipal refuse in co-disposal tests, is highly variable chemically and 

physically. 

In small scale tests, particularly co-disposal evaluations, it is difficult to 
reproduce anoxic conditions, with generation of sulphide, etc. affecting 
solubilities, as discussed earlier. Serious over-estimates of leaching can 
occur, as demonstrated at WRU. Government policy with respect to co- 
disposal of industrial wastes and the necessity or otherwise of WS/S can 
even be affected, as in England with Stablex. Some interesting field 
studies on co-disposal were conducted in Great Britain (Newton, 1977). 
Advantages were seen for the co-disposal option in reduced leachate. 

Feates and Parker (1980) described the application of 4mx4mx3m deep lysi- 
meters with suction probes at 40 cm. The wastes was irrigated with 1.5L/ 
hr of water. Other cells were monoliths of waste (0.65m3) encased in 
fibreglass. Larger experimental cells were 50m x 15m. 

Myers et al (1981) leached eight 0.61m diam . x 0.61m high cylindrical cores 
molds of stabilized waste packed in municipal refuse in 1.83m diameter 
expoxy coated indoor cells. The cells were leached at a rate of 66 cm/yr 
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with DI water. Leachate from the cells was analyzed monthly for B to 17 
months. 

A two year test in a demonstration cell lined with an impermeable synthetic 
liner in a double liner system was proposed as one of the U.S. E.P.A. 
require ments for a temporary exclusion of Stablex from listing for hazar- 
dous wastes (U.S. Environmental Protection Agency, 1982a). However, 
this proposal was not executed; in its place, agreement was reached to base 
acceptance on the results of an extensive monitoring program of Stablex 
waste at a site in Great Britain (as discussed earlier). 

Kemper and Smith (1981) used buried concrete lysimeters containing 10,000 
to 12,000 kg. of municipal refuse to evaluate the effect on leachate quality 
of baled and unbaled, shredded and unshredded municipal refuse over a 
five year period. There were appreciable differences in leachate quality 
between the different test conditions. The test indicated the need for 
closely defining the type of municipal refuse used in co-disposal tests. 



F. Darcel 
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